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he National Bureau of Standards' was established by an act of (:‘cngrcss on March 3, 1501, The
. Bureau's overall goal is to strengthen and advance the nation’s science and technology and facilitate
~their effective application for public berefit. To this end, the Burcau conducts rescarch and provides: (1) a

basis for the nation's physical meusurement system, (2) scienufic and technological services for industry and
government, (3 & technicad basis for equity in trade, and (4) technical services to promote public safety.
The Burcau's techaical work s performed by the National Measurement Laboratory, the National
Engineering Laboratory, the Institute for Computer Sciences and Technology, and the Center for Materials

scienee. -

The National Measurement Laboratory

Provides the national system of physical and chemical measurement;
coordinaies the svstem with measurement systems of other nations and
furnisnes esseniial services leading to accurate and uniform physical and
chemiical measurement throughout the Nation's scientific community, in-
dustry. and commeree; provides advisory and rescarch services to oticr
Government gpencies: conducts physical and chemical research: develops,
procuces, and distributes Standard Reference Materials; and provides
calibration services. The Laboratory consists of the following centers:

The National Engineering Laburatory

o Basic Standards®

e Radiation Rescarch
* Chemical Physics

¢ Analviical Chemistry

Provides technology and iechnical services (o the public and private sectors (o
address natienal needs and 1o solve national problems; conducts rescuwrch in
engineering and applied science in support of these efforts; buiids and man-
tains comptence in the necessary diseiplines requireg e carry out this
research and techoical serviee; develops engineering, dita and mcasurement
capabilitics: providkes enginecring measurement traceability services: develops
st methods and proposes engineering standards and vode changes; develops
and proposes new engineering practices; and develops and improves
mechanisms 1o transfer resalis of ds rexcarch 1o the ultimate user. The
Laboratory consists of the following centers:

The Institiete for Computer Sciences and Technology

o Apphed Mathematics

e Electronmics and Electrical
Engincering” ) )

o Manufacruring Enginceding

e Ruilding Techuology

» Fire Rescarch

s Chemical Engincering’

Conducts research and provides scientific and rechnical services to aid
Federal apencics in the selection, acquisition, application, and-use of com-
puter technology 1o improve cffectiveness and econoimy in Government
operations in accordance with Public Law 89-306 (40 U.S.C. 759), relevant
Exccutive Orders, and other directives; carries ont this mission by managing
the Federal Information Processing Siandards Program, developing Federad
AD?P standards guidelines, and managing Federal participation in ADP
volutary standardization activities: provides scientific and techrological ad-
visory services and assistance to Federal agencies; and provides the technical
foundation for computer-refated policies of the Federal Government. The In-
stituie consists of the following centers:

The Centef for Materials Science

° Programming Science and
Technolopy

® Computer Sysiems
Engineering

Conducts rescarch and provides measurements, data, standards, reference
materials, quantitative understanding and other. technical information funda-
mental 1o the processing, siructure, properties and performance of materials,
addresses the scientihic basis for new advanced materials wechnologics; plans
research around cross-country scientific themes such as nondesiructive
evaluation and phiase diagram development; oversees Burcau-wide technical
programs in nuclear reactor radistion research and nondestructive evalua-
tion; and broadly disseminates generic technical information resulting from
its programs. The Center consists of the following Bivisions:

° [rnorganic Malerials

o Fracture and Deformation”
e Polymers

s Metailurgy

° Reactor Radiation

YHeadquarters and Laboratorics at Garther
Gaithersburg, MDD 208%9.

ISame divisions within the center are localed at Poulder, CO 80303,
3Lacated at Boulder, CO, with sume elements at Gaithershurg, MD,

shusg, MD, unless otherwise poted: mailing address
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ABSTRACT

This document contains the proceedings of the Third
Cryocooler Conference, held at the National Bureau of
Standards, Boulder, Colorado, on September 17-18, 1984, About
140 peaple from 10 countries attended the confercace and repre-
sented industry, governmeat, and academia. A total of 26
papers -were presented orally at the conference and all appear
in written form in this document. The emphasis in this confer-
ence was on small cryoccolers in the temperature range of 4 -
80 K. Mechanical and nonmechanical types were discussed-in the
variopus papers. Applications of these small cryococlers
include the cooling of infrared detectors, cryopumps, small
superconducting devices and magnets, and electronic devices.

Key words: conference; cryccoolers; cryogenics, Cryopumps;
helium; infrared detectors; refrigeration; superconductors,
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. INTRODUCTION AND SUMMARY

This document contains the proceedings of the Third Cryacooler Conference, which was held .at
the National Bureau ot Standards, Boulder, Colorado, on Septewber 17-18, 1984.

This- series of conferences began in 1977 when about 40 invited speakers and participants
assembled at the Hatioral Bureau of Standards in Boulder to discuss cryocoolers for small super-
conducting devices. Proceedings of that meeting are available from the Superintendent of
Documents, U. S. Government Printing Office, Washington, 0. C. as WBS Special Publicatior 503,
entitled “Applications of (losed-Cycle Cryccoolers te Small Superconducting DRevices". Since it
was apen only to fnv1ted participants, it may be considered conferernce number zero.

Because the scientific and engineering community showed great finterest in.a conference on
cryocoolers, the first open cunference, consisting mostly of contributed papers, was held in 1680
at the Nationa! Bureau of Standards, Bou!der. with about 115 in attendsnce. The emphasis in that
First Cryocooler Conference still was on the temperature range below 20 K., Proceedings of that
conference are available from the U. S. Government Printing Office as NBS Special Publication 607,
entitled “Refrigeration for Cryogenic Sensors and Electronic Systems". .In response to a
questionnaire, participants favored holding such a conference every two years and that trend has
been followed.

The Second Cryocnoler Conference was held in 1682 at NASA Goddard Space Flight Center,
Greenbelt, Maryland. At that time the scops of the conference was expanded by considering
temperatures up to 80 K, but it still emrphasized small. ¢cryocoolers. The broadened scope brought
in more participants and it was found that many concepts and techniques used it 80 K were conmon
to lower temperature coolers as well. It was here that the scope of these seies of conferences
seemed to jell, ’ S

The scope of this Third Cryocooler Conference was the same a< the secon. - smail cryacocliers
of about 10 W or less and temperatures below 80 K. However, any studies on devices or concepts
outside this range that would have appiicatiors within the range were stil} considered. About 140 ~
participants from 10 countries attended the conference. The two-year interval for the Cryocooler
Conferences has meshed well with the Cryogenic Engineering Conference held on the alternate years.
Sessions on small cryocoolers at the Cryogenic Engineering (Conference are attended by the general
cr)oge11c engineering community. The Cryocooley+ Conferences attended by spec1a1‘sts allow for a
more in depth focus an cryocoolers,

Twentyrswx_papers were presented at the Third Cryocooler Conference and the written versions
of all appear in this document. Three invited review papers were given on areas of widespread
interest, A survey of the papers .cesented here as well as those in past conferences  shows
considerable progress in this area of high reliability as indicated hy the papers on the Stirling
cryocooter with magnetic bearings. The split Stirling cryocooler is well represented and shows
advances in the area of a more reproducible drive for the displacer. Interest and progress in
. .non-mechanical refrigeration fechnvques, such as magnetic refr1gerat1on and absorption compressors
for Joule-Thomson cooleis, are evident from the number of | ipers in that session. Significant
advancaes werc made in the modeling of cryocoolers and in the understanding of regenerator
behavior. Considerable work on cryocoalers is now being dore in China and we are pleased to have
had for the.first time at these Cryocooler Conferences two papers from Chinese authors,

Applwratwons of cryogenics depend intimately on the development of efficient, reliable, and

inexpensive cryocoolers. We feel that the cryocooler progress represented by the papers that
70llow will nave a significant impact on the development of cryogenwcs

The Editors



DESIGN OF CRYCCOOLERS FOR MICROHATT SUPEKCONDUCTING DEVICES
J. E. Zimmerman

National Bureau of Standards
Electromagnetic Technology Division
Boulcer, CO 80303

The primary applications of the cryocoolers considered here are for
cooling various Josephson devices such as SQUID magnetometers and
amplifiers, voltage standards, and microwave mixers and detectors. The
common feature of these devices is the;r extremely Tow inherent bias
powar requirement, of the vrder of 107" W (or sometimes much less) per
“junction.. This provides the possibility, not yet fully exploited o7
designing compact, low-power cryocoolers for these applications, the
design criteria being totally different from those of any cryocoolers
presently avsilable, Several concépts have been explored and a number
of laboratory model cryocovlerg have been built. Thece include Tow-
power ron-magietic regenerative machines of the Stirling or Gifford-
McMahan type, three- or four-stege Joule-Thomson machines, liquid-helium:
dewars with integral small cryococlers to reduce the evaporation rate,
and liguid-helium dewars with integral continuously or intermittently
operated smail helium liguefiers to permit operation of cryogenic
devices. for indefinite time periods.

Key words: Cryocooler; cryogenics; refrigeration; sdperconducting,
devices; SQUID. . '

1. Introduction

_ A workshop on "Applications of Clesed-Cycle Cryocoolers to Small Superconducting Devices"[1]
was hetd at the National Bureau of Staendards Boulder Laboratories in October 1977, out of which
came the present series of conferences, more broadly conceived, on refrigeretion for cryogenic
sensors and electronic systems, ' The intent of this paper is to return to the narrower theme of
the first workshop, to emphasize again the nature of the problem and to give at Teast the -
rudiments of a design philosophy which is appropriate to the needs of Josephson and other very
Yow-power superconducting devices. This paper is presented in the conviction that the practical
potential of superconducting devices, primarily SQUIDs and other Josephson .devices, is largely
unrealized precisely because of the lack of a compatible, low-cost cryoccoler. The commercial
viability of systems consisting of these devices and integral ¢ryocoolers can hardly be judged
from the market for the devices themselves, currently estimated to be of the order of a hundred
per year, since the cost and inconvenience of the present cryogenic support systems greatly
inhibits their use.

2. - Small Supercenducting Devices

For the past 20 years most cryoelectronic systems- have been built around superconducting
tunnel junctions or microbridges exhibiting the Josephson effect, commonly known as Josephson
junctions. Bias power is typically in the range of a few microwatts (the order of 1 mA at 1 mV)
down to a few picowatts per junction. Arrays of up to 1000 Josephison junctions should have bias
pewer requirements of @ milliwatt or less. While most Josephson devices are specifically designed
for operation in the neighberhood of 4 K {that is, in jiquid helium at atmospheric pressure ur
below), research and development continues on higher-temperature materials. Many niobium devices
have been made which operate at temperatures of 8 to 9 K, and a double-juncticn Hb-Al-Ge SQUID .



(the SQUID, or superconducting quantum interference device, used primarily as an ultra-sensitive
m3gnetic sensor but also as memory clement, counter, and for other purposes, consists of a low-

{nductance superconducting loop with one or two. Josephson junctions appropriately biased for the
application) has been demonstrated to operate at a temperature above 20 K [2}

Room- temperature transistors when used at Tow temperatures typically requ1re much greeter
bias power than Josephson junctions. GaAs FETs which have been used as low-noise preamplifiers
for SQUIDs require 20 to 50 mH, so that an array of these could requjre a considerable
refrfgerat on capacity. However, these are not cryogenic devices, and their noise performance
does not improve below 50 K or so, at which temperature refrigeration is at least 12 times
cheaper, so to speak, than at 4 K. It has been suggested that a true ¢rvogenic transistor is ore
of the prime requirements, along with reliable and convenient miniature cryocoolers, for the
widespread acceptance of cryogenic 1nstrumentatlon in general, A number of cryogepic transistors
have been suggested [3,4].

There is considerable interest in arrays of cooled infrared sensors hoth for astronomics)
studies, and more extensively, for military applications. Both the scale of the arrays and the
requirement of an infrared window to the outside world may impose relatively large heat Yoads on
the cooling mechanism. In any case, this application will not be considered in this paper,
although some of the design principles discussed may be appliceble.

3. Refrigeration Requirements

Since Josephson devices require virtuslly no bias pewer, the essential function of a
cryocooler veduces to that of intercepting radiation and conduction hegt leaks along electrical
connections and mechanical supports from the room-temperature envivorment. Elementary arguments
show that it is much more efficient, and also easier, to provide for these heat leaks by some
optimum distribution of cooling capacity at several discrete temperaturss, or by a continucus
distribution of refrigeration, than by simply providing a large cooling capscity -at the low-
temperature end., This principle 1s well-known, and yet it is common practice to specify the
cold-end cosling capacity of cryocoslers and to menticn the refrigeration at higher temperatures

_amost as an afterthought, if at all, rather than the cther way around. Lending weight to the
arqurent {s the fact that heat conducticn in a1l the commonly used materizls, both metallic alloys
and non-metals, but excluding copper and other pure metals, increases monotonicelly with -
temperature (see figure 1) [5]. The fourth-power law of radiution is a more dramatic exawple of
the same tendency. : :

Some typical magnitudes of low-temperature hegt leaks ave instructive. gadiant energy from a
Tow-emissivity (0.1) surface of a radiaticon shield at 20 K is about 0.9 n&/m". . As an example of
heat leaks through support structures, it can he shown that a mass of I kg at & temperature of 10
. K can be Kinematicaily supported at 10 G loading inside a rzdiation shield at 20 K by cords or

‘wives 10 cm long with heat leaks of 9 wM for nyion or 60 u¥W for stainless steel (these heat leaks
were calculated using thermal conductivities frem figure 1 and tensile strengths of 900 HPa for
nylon and 1800 MPa for stainless steel). Thus, the heat lezks would still be small for shorter
- and thicker support structures, and most cryoelectronic devices have much less than 1 &g mass,

"~_The case of -electrical leads is s}ightly more complicated. For biias power in the range of

- milliwatts or less, negligible heat leak can be achieved by the use of fine wires of low-
conductivity alloy. Signal lines, on the other hand, may have to have Tow electrical resistance.,
-.and relatively high thermal conductance, to avoid degradirg the signal-to-nofse ratio. Nominally °
pure coppor is widely used for this purpose, but since its conductivity may be 1000 times that of
_most alloys at Jow temperatures, it may introduce unnecessarily large heat leaks to the cryogenic
device to which the signral lines are connected. He will return to the subject of signal Yines
after a discussion of refrigeration mechanisms.

4. Lliguid Helium As a Refrigeration Mechanism

A liquid-helium bath provides a relatively small cooling capacity at the boiling point (the
heat of vaporization, 83 J/mol at 4.2 K). The cold vapor provides additional cooling capacity,
the specific heat at corstant pressure, which is nearly uniformly distributed in temperature above
8 or 10 K {~ 21 J/mol.K). The total cooling capacity of the vapor, ~ 6000 J/mol, is more than 70
times the heat of vaporization. In gereral, Viquid helium does not provide an ideal distribution
of refrigeration. As shown below and elscvhere, ideal cryogenic refrigeration systems for smail
superconducting devices will usually require monotonically increasing cooling capacity vs
temperature, and only in rather special applications {perhaps to absorb the ohmic heat generated
in-high-current leads to a syperconducting magnet) would the temperature- 1rdcpendent cool1ng
CuPdL]ty of helium provide an efficient refrigeration mechanism. This may be the essential reason

“for using Viquid nitrogen or some other mechanism (see example below), along with Viguid helium as
a low-temperature cryogen, to provide additional cooling capacity at higher temperature.
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5. Cryocoolers

Two types of cryoccoler are under development for small superconducting devices,
Joule-Thomson (J-T) and regenerative (Stirling, Gifford-McMahon, Vuilleumier). Joule-Thomson
cryocoolers are highly attractive far very low-power applications because of their simplicity of
construction and, more impartantly, for having no solid moving parts in the cryogenic part of the
system, so they generate essentially no magnetic interference or vibration (there may be high-
frequency nofse or hiss due to turbulent flow ot the working fluid). Let us see how their
qualitative features compare with the those of the heat léaks through various materials as noted
above, and of thermal radiation. The following table gives the gross cooling capacities of a
hypothetical four-stage Joule-Thomson cryocooler, with gas flow rates of 10 mi/s (standard
temperature and pressure) per stage: ’

Working Fluid CF4 N, H, Hy
Temperature (K) - 160 84 23 4.2
Low/high Pressures (MPa) 0.2/10 0.2/10 0.2/10 0.1/2
Gross Cooling Capacity (H) 3.3 1.1 0.13 0.012

The gross cooling capacities for a multi-stage reversible machine {Stirling, Carnot, etc.)
with the same gas flows per stage are similar to the Joule-Thomson case. Here the cooling
capacity; in the perfect-gas approximation, is of the form PV(T2/T1)}In(P1/P2), where the
pressure-volume product PV is at Standard temperature and pressure, P1/P2 is the compression
ratio, and T2/T1 is the ratio of tempgrature of the stage to ambient temperature. Thus for P = 0.1
MPa (atmospheric pressure), V¥ = 10 em”/s (per stage), Tl = 300 K, In{P1/P2) = 1.0, the gross
cooling capacities for a hypothetical four-stage machine are:

Temperature {K) 150 5 . 15 5
Gross cooling capacity (W) 0.5 0.17 0.05 0.017 -

Using ordinary helium as the working fluid, the cooling capacity of the bottom stage may be
considerably less than 0.017 W, since the perfect-gas approximation is quite inadequate at 5 K.
These cooling cepacities are roughly comparable to those of the Joule-Thomson example with the
same flow rates, but note that Stirling and similar regenerative machines typically operate at
much lower pressures znd compression ratios than Joule-Thomson machines.

The point to be noted here is that in an intuitively "balanced” design (that i<, comparable
gas flows in all stages}, the refrigeration capacities of the successive stages increase with
increasing temperature, qualitatively matching the heat leaks that are expected from the low-
conductivity materials commonly used in cryogenic design.

6. Electrical Connections

Copper, the most widely used material for electrical connections, may be & poer choice from
the point of view of cryocooler design and thermal (Hyquist) noise generated in the lead
resistance. The theimal ‘conductivity of copper peaks at a temperature in the neighborhocd of 20 K
before dropping off linearly to zero at 0 K. Thus, the use of copper leads may result in large
heat leazks just in the low-temperature region where cooling capacity is inherently small. The
electrical resistivity of pure copper is small at low temperatures, so that the high-temperature
portion of the leads will dominate the total lead resistance, and aiso the Hyquist ncise. For
most alloys, on the other hard, the thermal conductivity decreases more or less linearly below
room temperature., It is easy to show that wires of practically any alloy such as brass,
copper-nickel, or beryllium-copper, of the appropriate diameter for a specified total lead
resistance, will reduce the heat leak at the low-temperature end by a factor of 100 or more,
relative to copper, with only a moderate increase in the heat leak at the high-temperature end.
The use of such alloys should provide a much better match to 2 "balanced" cryocooler design (as
defired above} than pure copper. In addition, Nyquist noise generated in the leads will be lower

~1in the alloy than in copper, since a relatively larger part of the electrical resistance will be
at low temperature. The spectral density of total Nyguist noise power is proportional to the
integral over the length of the wire of the product of Boltzmann's constant, the temperature, and
the differential resistance, that is, the integral of kadR(T). ’

High-fréquency and microwave leads can give large heat leaks if not specifically designed for
cryogenic use, The above principles still appiy, but since kigh-frequency currents flow only in a
thin surface layer (Yess than 1 pm at 10 GHz in copper at room temperature), electrical losses and



heat lYeaks can both be reduced by using thin Yayers of low-resistivity metal on high-resistivity’
or insulating substrates, rather than using thick self-supporting conductors of low-resistivity
metal. Furthermore, waveguides for very high frequency radlation can incorporate vacuum gaps to
eliminate heat conductfon entirely.

Ina previous paper {6], we derived the optimum (minimum input power) distribdtion of
refrigeration for cooling an electrical 1ead or & mechanical support of constant cross section,
extending from ambient temperature T a low temperatune T_, whose thermal conductivity K
could be expressed as a puwer of the @Qmperature T: KeK T, he analysis was based on the
Hiedemann-Franz Law for the gelatiogship between thermal conduct1v1ty K and electrical resistivity
p, that fs, Kp/T ~ 2.4 x 107" H-9/K", Applying this analysis to the case of
“temperature-independent conductivity gives an optimum temperature distribution (see Appendix for a
summary of the mathematical analysis)

T=7, exp(az), where a = ln(Ta WA }s

and z is the reduced distance measured from the cold end. For the case where the conductiv1ty is
proportional to temperature (K = K T) the optinum temperature distribution is

T =_((1-z)ro”2 vt V22,

It turns out that in all cases the optimum distribution of refrigeration has the same z-dependence
as the temperature.- In the earlier paper we gave, as an example, the ideal minimum input power
required to refr1uerate an electrical lead (or set of leads) with temperature-independent thermal
conductivity and net electrical resistance of .023 R The result was 315 mH for the distributed
refrigeration plus 93 md for the heat flow remaining at the cold end of the leads, a total of 408
md of mechanical power to produce the required refrigeration. In the case of thermal conductivity
.proportional to temperature (and the same electrical resistance), the ideal minimum input power
works out to be 280 md for the distributed refrigeration and only 19 mH for the cold end, a total
of 299 mi, Althcugh the difference in total power for the two cases is hardly significant, the
factor of Tive difference in the cold end term could be very significant for cryocoolers where the
performance at the cold end is Yimited by regenerator losses and nun-ideal gas propert1e§ This
numerical example provides some quantitative support for the qualitative arguments given above for
choos1ng the right kind of materials for electrwcal -connections,

The optimum temperature distribution of refrigeration is the quantity of interest in
designing a cryocooler. The optimum distri?y%ion is temperature-independant for the case of
constant conductivity and proportional to T for the case of conductivity proportional to
temperature. Thus, liquid helium would provide essentially ideal rafrigeration for the improbable
example where it s necessary to use only materials of constant conductivity {probably no such
materials exist) and constant cross section. An additional degree of freedom available to the
designer is to vary the cross section of the electrical wires or wave guides in some optimum way

~as a function of position within the cryccooler. In fact, deviations from the Kiedemann-Franz Law
(see above) are such as to be favorable te the use of copper or other pure metals such as silver
and unfavorable to the use of high-resistivity alloys such as stainless steel, provided the
cross-section is varied in some more-or-less optimum way. Materials of moderate electrical”
resistivity such as brass -obey the Wiedemann-Franz Law more closely. Consideration of all the
options can make the optimum design a difficult analytical problem, but it can be asserted with
some confidence {based partiy on experience) that the casual use of pure copper for electrical
leads in the low-temperature end of low-power cryoelectron1c systems can be disastrous.

7. Examp1es

Cne notab?e example of the use of a cryocooler with small superconducting devices is the
‘hybrid cryostat recently reported by Archer [7]. He incorporated a two-stage commercial
cryocooler with a 4.5-1iter helium reservoir to achieve -better than a five-day operating time for
a pair of 100-120 GHz receivers at 2.5 K. The receivers consist of superconducting {tunnel
Junction) mixers at 2.5 K and GaAs FET IF preamplifiers at 20 K. Estimated heat leaks (actual
heat Teaks were slightly greater) to the 2.5 K helium bath include radiation (1.5 md) and
conduction (~12 mi) through fill tube, dc leads, IF coaxial lines, 3-rmm waveguides, four
mechanical tuning rods, and massive solid supports for the helium reservoir and the receivers,
Direct-current and microwave-bias-power levels were not mentioned in the paper and can be assumed
to be negiigible. Heatl leaks at hvgher temperatures are intercepted by the cryocooler, which
provides heat sinks and radiation shields at 20 K and at 65 K. Heat conduction trrouah electrical
connections was minimized by using design principles and materials alrszady described {see above):
unplated stainless ste2l waveguides for tocal-oscillator power, vacuum gaps in the low-Toss signal
waveguides, copper-beryllium alloy for the coaxial lines, and brass wire for dc connections,



This example demonstrates the small magnitude of total heat leak that can be achieved by
careful design in a rather difficult application. It should be noted that this impressive
performance was obtafned without taking advantage of two mechanisms which, in principle, might
further reduce the 13.5 mW heat leak by a considerable factor. First, by thermally linking the
evaporating helium vapor to the various conducting members listed above, most of the heat leak
from 20 K could be intercepted hefore raaching the 2.5 K bath, Second, if optimally loaded R
support mambers in tension were substituted for the massive supports, much of the heat conduction
could be eliminated, although this substitution might be incsavenient to put into practice. It is
curious to note that with this system as described (or any similar system), the cryocoolcr can
easily provide all of the refrigeration required at higher temperatures, so that only about 1% of
the total cooling capacity of the liquid helium, namely the heat of vaporization at 2.5 K, is
actually essential to the operation of the system. One percent is not as bad as it seems, .
however, since one must apply the Carnot factnr in calculating the work necessary to perform this
refrigeration. Needless to say, any mechanism which leads to reducing the required mass and size
of the cold components (the helium reservoir, for example) has a synergistic effect of reducing
heat leak through reduction or elimination of support structure and surface area. This might be

-significant if the helium reservoir were eliminated in favor of a microminiature Joule-Thomson or
Stirling stage, perhaps using helium-3 as the working fluid, to provide continuous cooling at 2.5

There are other examples of small superconducting devices being operated in hybrid crvostats
or in cryocoolers, but few which 1llustrate so nicely the variety of design problems that may be
encountered. One probiem not encountered in this example is that of magnetic interference, which
is of overriding concern in designing cryocoolers for SQUIDs and certain other Josephson devices.
The problem of scaling Joulte-Thomson refrigeration systems down to "microminiature" size, as .
needed for Josephson and similar devices, has been addressed by Littlie in previous conferences of
this series. His work has resulted in the commercial production of a remarkable series of tiny
J-T cryocoolers whose gas-flow channels are etched into the surfage of glass plates which are then
bonded to cover plates, giving milliwatt cooling capacities at 80 K when supplied with nitrogen at
10 or 20 MPa [8). Multi-stege units capable of maintdining cryogenic temperatures required for
superconducting devices have not yet been deimonstrated, but such a development would be extremely
interesting because of the possibility of integrating the superconducting c1rcu1te on the same
substrate. .

A four-stage J-T cryocooler using more conventional materials and techniques, and
specifically intended for a SQUID biomedical gradiometer, is under development by Tward. It is
described in another paper in these proceedings [9]. J-T systems are highly attractive for
Tow-level magnetic-measurement devices because there are no solid moving parts in the ¢rycgenic
system itself, and so magnetic interference is inherently low or non-existent, Simple Stirling or
Gifford-McHahon cryccoolers with gap regenerators, for temperatures in the range of 7 to 9 K, have
been under development for several years in the author's laboratory and elsewhere [10 to 15].
These typically have four or five discrete stages or else a tapered displacer to provide a
continuous distribution of refrigeration as anticipated by the ciscussion above. In either case,
the available refrigeration capacity is very small by the usual standards, but sufficient for the
purpose of cooling microwatt superconducting devices and their associated electrical connections
and support structure, as ant1c1pated by the discussion above. The problem of compressor’
contaminaticn is fnherently less serious with these machines than with Joule-Thomson machines, but
nevertheless there is a similar need for extremely clean compressors or pressure-wave genrerators
with the appropriate pressures and compression ratios. Temperatures as low as 4 K have not been
- achieved with regenerative machines operating at the same pressure throughout. However, the .
possibility of maintaining temperstures below 4 K has been demonstrated using a separate cold-end
stage operating at sub-atmospheric pressure [16]. A J-T stage operating at the same peak pressure
as the regenerative machine with which it is incorporated, so that only one compressor is
required, has also been reported [171.

Perhaps the greatest challenge facing the designer of -a practical miniature J-T cryocooler is
to build a set of almost perfectly clean compressors to provide the necessary high pressures and
high compression ratios for the different stages. Both Tward and Little (private communication},
and others, are currently working on solutions to the problem. Metal bellows or diaphragms are
attractive in principle, but not easy in practice, cince the slightest piastic deformation of the
metal (at the valve ports, for example) wili cauce azimost immediate failure. Gas-lubricated or .
magnetically suspended clearance swals betvieen piston and cylinder, and unlubricated sliding seals
of glass or graphite-filied tefler on hardened metal, and “hard-on-hard" clearance seals where
both piston and cylindar are made of hard materials like ceramic or metal carbides and nitrides
have all been demonstrated, in various applications, with varying degrees of success and
reliability. Yet another approach is to demand less in the way of cleanliness of the compressor
and to effectively purify the gases after compression (see paper by Tward in these proceedings).



8. Discussion.

Several laboratory crycccolers for microwatt superconducting devices, based more or less on
the refrigeration mechanisms and design principles summarized above, have been developed during
the last few years. These have demonstrated significant advances in construction methods, use of
materials, computer analysis, miniaturization, interference reduction, and efficiency. Although a
completely satisfactory machine has not ye: been produced, it is 1ikely that this goal will be
realized during the next year or two. Work in the immediate future will surely concentrate on the
design of miniature, ultra-clean compressors. One or more of the current experiinental cryocoolers
will be used with SQUID magnetometers and gradiometers to determine levels of vibration end
magnetic interference. Further miniaturization of Joule-Thomson systems and new concepts for
integrating these with superconducting microcircuits will certainly inspire active interest.
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10, Appehdix

. Following are the results (from the analysis of reference 6) of the optimization of the
refrigeration distribution along a cryogenic member (a wire or support post), of constant cross.
section A and length a, with one end at ambient temperature T @ and the other end at a low
temRerature T, whose thermal conductivity can be expressed aﬁ‘g povier of the temperature, K =
K T'. Here z is the fractional distance measured from the cold end, ({z) is the heat flow rate,
dﬂ/dz and dQ/dT are the optimum distributfons of refrigeration in z and in T, respectively,
required to achieve the minimum ideal mechanical input power H expended on the working fluid, and

T(z) is the corresponding temperature distribution:

]

CASE 1: K = constant, {n = 0)

T(z) = Toez]"(Tamb/To)

dQ/dz = (xA/a)T1n2(ramb/r°)
/T - (KA(a)ln(Tamb/To)
W= (KA/a)Tolvz(Tamb/To)
“ehsE 2: K=K (n#0)
T(z) =.(TO"/? + az)?" where o QA e

dg/dz = 2a?(2.+ n)K_AT/an?

dQ)dTA; ;(2.+ Q)gnAff)Z/an
W= 4K AT, fan?



RECENT CRYOCOOLER PROGRESS IN JAPAN

Yoichi Matsubara =
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This paper reviews the recent progress of cryocoolers and its
related devices in Japan. Part of the research and development of
cryogenic technology including small scale cryocoolers is supported by
a number of national projects. The Japanese Hational Railways has been
developing the Vight weight 4 K on-board refrigerators since 1977 as
part of the MAGLEV train program. An investigation of superconducting
and cryogenic fundamental technology has been conducted by the Science
and Technology Agency since 1982, including high performance. cryocooler
(related to Stirling cycle), magnetic refrigerator and: superfluid _
refrigeration. A study of space ¢ryogenics such as the cooling systems
of IR-detectors was started by the Ministry of Internationai Trade and
Industry in 1984, In addition to these national projects, several
companies also have done their own activities on cryocooler investigation,
for special applications such as cryopump, NMR-CT and JJ devices., Compact
heat exchangers, high performance regenerators and reliabie compressors
are also being investigated as.a critica) comporent technology.

Key words: Cryoccolers; heat exchangers; helium; low temperature;
refrigerators; regenerators.

1. Introduction

Tne research and developmeni scheme of cryocoolers can be classified into two categories.
The first one is related to the investigation of reliebility, compactness and cutting costs of the.
well known cryocooler systems. Stirling or Gifford-McHahon cryocoolers with a JT loop and smsll
scale Claude cycle also belong in this categary., Tre second one is a fundamental approach to the
novel refrigeration systems such as a magnetic refrigerator or regererative cryocoolers which can
be cooled down to Yiquid helium temperature without a J7 loop. As a critical component, compact
heat exchangers, high performance regenerators and reliable compressors are also important. With
this in mind, the recent progress of the relatively small cryocoolers, operated at liquid helium
temperature are reviewed, ) .

2. Claude Cycle Cryocooler

The Claude cycle has been used for rather high capacity helium liguefiers, however, two on-
board Claude cycle cryoconlers with a capacity of 30 watts at 4.4 K and 5 watts at 4.5 K have been
fabricated for the MAGLEY project of JNR since 1978 {1, 2]. In this particular case, the ‘
following considerations were taken: '

(1) The automatic inlet and exhaust valves of the expanders and cvlindrical cam for the
piston were employed for the compactness of the crosshead.

(2) A direct coupling system of the high speed flywhee) was employed as an energy absorber
of the expander. This energy absorber system makes the expander unit compact and light
weight. ’ :

(3) The Ysminated meta) heat exchangers made of aluminum perforated plates and plastic
separators were emplnyed for the 5 watt systems.
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In the field of industrial electronics, the need for cryocoolzis to codl superconducting
magnets in such systems as magnetic resonance imaging or tne control of the single crystal
drawing furnaces has gradually increased. To meet.these requirements, the Toshiba Co.
developed 4.4 K 5 watt Claude cycle cryocooler, as shown in figure 1, Figure 2 shows the
available energy balance of this system. It is veported that the JT valve loss is limited,
although the losses due to the heat exchangers and exp.anders could be decreased.

The research activity for developing smaller Claude cygle cryocoolers has been . -
continuing, however, there are almost no reports about the long term operation to date, and
it has remainad as a problem for the future.

3. G-M Cycle Cryocooler with JT Loop .

The G-M cycle or modified Solvay cycle has been dever~zed mainly as a 20 K cryocooler for the .
cryopump applications. Recently, sevaral companies have been investigating the relatively high
power G-M cycle cryocooler as a precooler for the JT Toop for the recondensor of liquid helium,

Most of the cooling systems for superconducting magnets requirve simultaneous cooling of the
radiation shield and liquid helium bath. Figure 3 shows the flow diagram of a 4.5 K cryocooler
with 77 K additional cooling loop developed by Hitachi Ltd.. This work has been supported by MITI
since 1982. The typical cooling power of the G-M cooler is 18 watts at 20 K and 60 watts at 80 K,
respectively. The expander efficiency is reported 2s 44% at first stage and 38% at second stage.
The details are shown in figure 4. The Yayered heat exchangers with perforated aluminum plates
are used for the JT loop. It has a scroll type cross section as shown in figure 5. Figyre 6
shows the cooling power at 4.5 K and 77 K where the JT flow rate was maintained at 10 Nm“/hr.
Indications shows that this system can be applied to” both the large cryostat with low heat load at
4.5 K (such as superconcducting NMR-CT) and the small cryostat with high heat load at 4.5 K (such
as J-J devices). . - : M

The Mitsubishi Electric Co. investigaiod the 4.3 K 5 watt system, where a G-M cooler was used
as a precoonler developed by Osaka Oxygen Industries in 1981, They veported the effect of the
different ambient temperature on the cooling power of the system. Figure 7 shows that the c0811ng
capacities of G-M cooler decreased about 30% when the ambient temperature was increased to 40°C
and the inlet helium gas tsnperature was increased to 50°C, (line B in figure 7), compared to the
capacities operating at 20°C (iine A). Fiqure 8 shows the cooling capacities for the 4.3 X J-T
stage: It should be noted that the degradation of cooling capacities, 5.8 to 4.9 watts, is only
about 16%. They also studied the effect of the ambient magnetic field on the valve moter up to 1
kGauss. : ’ T

Sumitomo Heavy Industries Ltd. investigated 4.3 K 3 watts (max. 3.65 watts) cryocooier. The
typical cooling capacity of their G-M cocler is 8 watts at 20 K and 20 watts at 77 K. One of
their interests is related to the development of a reliable compressor. Three rotary compressors
were used at the operating pressure of 1-20 atmn for the JT loop (9 Rm“/hr.) and 7-20 atm for the
G-M cycle as shown in figure 9. . The total input power is about 7 kW. The amount of lubrication
0il for each compressor is successfully controlled by the overflow at a constant level which feeds
it back to the intake port of the lower pressure stage. The dew point of the working helium gas
is initially controlled bglow -70°C, although the pressure drop within the first heat exchanger
increased 0.6 -0.84 Kg/cm™ during 1660 hr. operations. :

R 4, Fundamentai Appreach to the Novel Refrigeration Systems

Most of the cryocoolers being commercially used at 1iquid helium temperature have a J7 loop
_as a fina) stage of the cooling system. However, a couple of attractive methods are now being
investigated. An investigation of superconducting and cryogenic technology was conducted by the
Science and Technology Agency in 1982. Iu this program, studies of high performance cryocoolers
(related to Stirling cycle) and magnetic refrigerators were included, '

4.1 Stirling Cycle

In the development of the Stirling cycle, there are some similarities between the prime mover
and cryocooler. Figure 10 is presented by Ishizaki (ECTI). As a prime mover, he aeveloped the
miscellaneous Stirling engines of output power below 50 kW {(a) of figure 10}, the cold energy"
application system of LNG (b), and a hybrid system using LOX and liquid hydrogen (c) [3, 4]. As
for the cryocooler, the most popular two stage cycle (dg were used for several applications where
the cooling temperature was above 10 K. He also investigated a cryoccoler operating at the Viquid
phase of helium (e).
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Accorcing to the program of the Science and Technology Agency, the R & D of high performance
Stirling cryocooler is now in progress at JNR, in cooperation with the Afsin Seiki Co. and ECTI.
Figure 11 shows.the single stage Stirling cycle operating below 15 K. The hot end temperature of
the regenerator was maintained at a constant, using the evaporating gas from the 1iquid helium,
The relation between the hot and cold end temperature is shown in figure 12. These figures
indicate that the rare earth compounds (Gd-Er-Rh) when used as regenerator material improve the
regenerator efficiency when it works below 15 K. The lowest temperature achieved in this
experiment on the rare earth compounds was 3.74 K at the lower limit of temperaturc oscillation,
when the mean operating pressure was about 0.7 atm and the hot end temperature was about 8K. They
also confirmed that the cooling system can obtain near 4 K by usxng the twe stage Stirling cycle
when the hot end temperature maintained near 30 K, -

4.2 Magnetic Refrigerator

The study of the magnetic refrigerator according to the Science and Technology Aqency program
is divided into three groups, a fundamental study of working materials (Institute of Metallic
Material), a fundamental study of the refrigeration cycle (Tokyo Institute of Technology; and
magnetic refrigeration systems (Tosh1ba Co.}.

Figure 13 shows a gchemat1c of the recuprocating magnetic refrigerator deve?oped'by the
Toshiba Co. through this program. It consists of two sets of superconducting BC magnets and
pistons with working materials (GGE). A two stage G-M cycle cryococler {Air Products and
Chemicals), USA) was used for the precooler of the working materials, The distance between the
max imum and zero magnetic field is about 100 mm, which corresponds to the piston displacement, and
is realized using field correcting magnets. A1l of the magnets are connected in series and
operated at a permanent current mode after the initial excitation using detachable current leads.

" 'The experimental results of the test run are shown.in figure 14 at the excitation current of 80 A
and the maximum.field of the working material of 4 Tesla. It indicates the increasing liquid
helium Tevel thh1n the refrigeration space at each heat absorption process. :

Hitachi Ltd. is also 1nvestwgat1ng a magnetic’ refr1gerator whwch is cperatﬂng between 20 K
-and 4 K, using a G-M cycle precooler and rotary moving method. Details may be obtained at the end
of this year. : )

4.3 Component Technology

A study of regenerators below 20 K is row in progress at N1hon University and is supported by
the program of the Science and Technology Agency. Thermal properties of regenerative materiais
which have a high specific heat below 20 K such as GdRh have been measured., To evaluate the
effectiveness of the regenerator, a simple Vuilleunmier cycie cryocooler was used. The minimum
temperature of 5. 4 - 6.5 K was obtained with this VM coo]er. The details of these results will be
given later in this procesdings. .

- Most of the compact heat exchangers, which can be used for a small Claude cycle crybcoo1er or
JT l~op precooled by a regenerative cryocooler, have been made by the perforated aluminum plates

-+ and-plastic séparators, however, Hitachi Ltd. recently develuped a new heat exchanger made by a

diffusion bending method using'perforated coocper plate and SUS304 separators, which has a similar

cross section shown in figure 5. They reported that the axial condtiction loss of this heat

exchanger is greater th an that of epoxy bonding type, although-the fotal heat transfer
-effectiveness is not decreased significantly when it .is used.at high Re number.

Showa U<i« Industries, in cocperation with Tohoku Unjversity and ECTI, developed & small oil
free compressor, constructed by three stage reciprocal pistons and swash plate mechanism with a
diaphragm for separating 0il. Input power is 750 watts'agd the helium gas pressure at the inlet
and outlet are C.I and 2.0 MPa with the flow rate of 2 Nw“/hr. This compressor can be applied to
the JT loop of the small cryocooler system for SQUID or other JJ devices.

5. Summary

_ Most of the cryocooler activities in Japan, at this time, seems to be aimed at the
- development of a compact and reliable cryocooler having several watts at Tiquid helium
temperature. It will depend on the progress of the small superconducting magnet applications such
as super LSI pattern printing devices, the single crystail drawing controller and the
superconducting NMR-CT, Oue to the improvement of the superconducting materials, the al!owable .
cooling temperature is nearly 10'K, however, in considering the cooling temperature stab1l1ty, the
latent heat of the liquid helium is still attractvve
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Miniature cryocoolers for the IR-detector, SQUID or other JJ devices are not being
fnvestigated in Japan, except for some fundamental research. However, a conceptual study of the
sensor technology for unexplored spectrum has been started by the Ministry of International Trade
and Industry this year, which includes the study of IR-detector cooling system for Space
application. Research will be conducted next year at the Electrotechnical Laboratory.

I wish to acknowlédge to Y. Ishizaki, T. Koisumi, T. Horigami, N. Matsuda, A, Obara, K.
Sawada and H. Wada for their useful information, .
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HAGHETIC REFRIGERATION FOR LOW-TEMPERATURE APPLICATICHS

J. A. Barclay

Gp. P-10, HS-K764
Los Alamas Hational Lzbarstory
Los Alamos, Hew Hexico 87545

An increasing number of applications regquire refrigeration at low
temperatures ranging Sroa production of liguid tieliun for medical imaging
systems to cooling of infrarved sensors on survelilance satellites. Cooling
below about 15 K with regenarative refrigerators is difficult becouse of the
decreasing thermal mass of the regensrator compered to that of the woriking
rmaterial. In order to overcaxe this difffculty with heliun gas as the working -
material, a heat exchanger plus @ Joule-Thomson or other expander is used.
Regencrative magnetic refrigerators with sagretic solids as the working
material have the same regenerator problenm 3s gas refrigerators. This problem
provides motivation for the develcpment of non-regencrative magnetic
refrigerators thzt spa2n ~§ K to ~20 K. Several leboratories around the
world have dagnetic-refrigeration progrems underway; some are siorking on
4 - 20 K refrigerators. In the develepmant efforts, pacticular emphasis has
been placed on high relfability and high efficiency. Detailed calculations
indicate considerable promise in this area, but several kev problems have been
identified in each of several possible devices. The principles, the potential,
the problems, and the progress towards development of successful! 4 - 26 &
magnetic refrigeraters are discussed.

Key words: Carnot cycle; low temperature; magnetic; non-regenerative;
. refrigerator; review.

I. IRTRODUCTICH

Kagnetic resonance tomcgraphy and magnztic-field-gradient ore separation are two examples of
developing cosmercial applications of sunerconducting magnets.{1,2] Hany other poteatial users
for superconducting magnet systeis exist.{3] 411 of the superconducting magnat systems wilj
require liguid helium or cloused-cycle refrigeration near 4 K. Long wavelength infrared (LHIR)
sensors need to be cooled to @ ~ 10 K to obtain an adequate sﬂgnal—to—noi 2 ratio for high
sensititivity.[4]. S=3l11 helium ligueflers and some LWIR systems require epproximately 1 t of
cooling power. At this size, the efficiency of cenventicnal rvefrigeration systems is typically a
few percent of Carnot efficiency for heat rejection near roon temprature.{5] fean pericds between
failures or najcr maintenance are several thousan4 hours.

) Regenerative gas refrigeraters typically cease operation near 15 K beccuse of gecreasing

thermal mass of the regenerator material. Hence both regensrative and recuperative gas
refrigeraters have a recuperative low-temperature stace plus an expander, such as a Joule-Thomson
(J-T) device.[6] The efficlency of the bottom hezt exchanger and J-T expander operating from
15 - 20 K down to ~4 K 1s 50-6C% of Carnot if carefully desiqned {71 The J-T ]o«p suffers from
poor reliability and requires a high-pressure compresser for operatien.

If a simple, non-regenerative, nen-recuperative 20 - 4 X refrigerator with high reliebflity
and high efficiency (greater than 60% of Carnot) could be developed, 1t would offer significant
improvements to existing refrigerstor systems by eiininating the J-T Joop and its assectated.
problems. Refrigerators based on the magnétocaloric effect that execute a magnetic Carnst cycle
between ~15 ~ 20 K and ~4 K can potentially satisfy these requivements. TYhils coficeptual
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revicw papor i1l try to 11lustrate the development. of magnetic refrigerators for the 29 - & &
temporature region. The reference Tist fs not complete but is representative.

TI. PRINCIPLES
A. Haterials '

A1l refrigeratis. processes require an entropy change to abserd heat froo a cold thersal
source and deliver it to a higher temperasture sink. Thereforz, the entropy-temperature (S-T)
diagrasms for the working magnatic materials are essential to understanding the operation of
magnetic refrigerators. In the 4 - 20 K reglon several types of agnetic materials can be used;
- the most obvigus ones are paramagnets. - There are many criteria for salecticn of suitable
refrigerants including lcw lattice specific heat and a large magnetic moment. A survey of .
existing and potential psramsgnettc materials has been pudblished. [8] This and other work
{8.10,11,12] have shoun that gadolivnium gallium garnet (GSG) 1s an excellent tnftial cholce for
4~ 20 K magnetic refrigerator design. Flgure 1 shows the 5-T curves for GGG as a function of
aplied rmagnetic fleld.

ol—Z& A NS SN WA NI NS SN S SR §
O 2 4 6 8 0O R ¥ 1B B8 20 2 X4
T(X)
Figure 1: The entropy of gadolintum gallium garnef as & function of temperéture and magnetic

field.

It 1s also possible to consider conposites of paramsgnets such as b,¥04-656 as suggested
by the Grenoble grous.[13] Phystcal mixing of materials alicws some froedem in shaping the
_entrosy-temperature diagrams which, in turn, allows cycles other than the Larnot cycle to he
_considered. Figure 2, taken from reference 13, shows the S-T curves for a 50~50% compoasition of
the materials. As wil) be explained {n the next section, his composite wouid be unsuitable for a
magnetic Carnot cycie but §s well suited (o & magnetic Ericsson cycle, as was suggested in
reference 13. The entrepy change at 20 K in the compasite is comparable tc that in GEG alome, but:
the pzrallel nature of the S-T curves is essential for effective regeneration 1f a guod N
regenerator material s used.

Finally, ferromagnetic materials can also be considered as working materiais in this
temperature range. An example is EuS whose calculated S-T curves [i4] are shown in Fig. 3. Other
ferromagnets such as &dBh {15] could be used although rhodium s extremely expensive. &dRh has a
Curfe temperaturs near 20 K but lower Curie temperature materials are svailable. For example, the
Erkh-GdRh series hos Curie temperatures ranging from ~6 K to ~20 K.[16] N

B. Cycles

The oniy,non~regenerat1ve. non-recuperative cycle that exists for use in the 4-20 K range is
the magnetic Carnot cycle. This consists of two Isothermal stages end two adiebatic stages whide
ragnetizing or or defmagnetizing. Characteristics of this cvcle are that the magnetic field is
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continously changing and excellent heat transfer is required during the isotheraal parts of the
cycle. Because the lattice entropy of nRany paramagnets becomes ccmparable to the field-induced
entropy change near 20 K, the upper operaticnal 1imit of the Carnot cycle {s near 20 K,’ depending
upon the magnetic field strength and the magnitude of the lattice entropy.

24
22
20
e
16
14 80T
T 12
0
8 50 7o uﬂsGosolz
50% Dy VO,
6 (EXPERIMENTAL)
4
TAKEN FROM B.DAUDRN et ol.
2 CRYOG.22, 439 (1982}
[¢] ) . 1 1. 1 1,
o) 4 8 12 6 20 24 28 32

S{J/moteK)

- Flgure 2: The entropy af 504 gadonrium ganiun garnet and 50% Dyprosim Yanadate as a functmn
of temperature and macnetic field.

Other cycles besides the Carnot cycle have possibilities if regemoration or recuperation can
be effectively added. Thz magnetic Stirling cycle (two {scmagnetizating stages and two
isothermals); magnetic Ericsson cycle (two isoffeld stages and tws {sothermais) znd the magnetic
Brayton cycle (two iscfieid stages and two tsentropes are 31l possibie in the 6-20 X range. These
cycles are {llustrated in Fig. 4 using the entropy temderature diagram of a paramagnetic
material. Each cycle has different field-temperature changes required at different parts of the
cycle. These requirements wiil be reflected in the designs of actual refrigsrators. The magnetic
Stirling cycle using a paramagnet such as GGG s probably a good chofce because the amount of
_regoneration is minimal, as is showm in Fig. 4.
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Figure 3: The calculated entropy of europivn sulfide as a function of temperature and
magnetic field.

Figure 4 2lso shows that the Brayton and Ericssen eycles are not feasible with a single
paramagnetic material because the regenerative heat Flows will be completely unbalanced.
Com.osites or ferroragnets ui]l be required for successful ifmplemantation of tihese cycles.

The entrepy changes 1n the various cycles can be obtained from
H
_(8)er + ) @B . (§))
ds (r) (ar)e

Knowledge of Cg and. M as a function of B and T allows calculation of the heat and work flows
during the idealized cycles. Resl cycles, of course, are polytropic and require detailed.
knowledge of many additional sources of irreversidle entropy and heat cepacities of thsrmal
addenda in order to be correctly modelled.

III. Potential
A. Designs

A series of ~2 - 4 K ragnetic refrigerators have already been built and tosted with verying
degrees of success.[17,18,19,10] The Grencble group has reported efficiencies as high as 79% of
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Carnot {17] for a 2 - 4K reciprocating design using GGG. In the 4 - 20 K range there §s a large
vartety of magnetic refrigerator design possibilities. Table I presents an.attempt at

classification of the pessidbilities and includes location of groups sorking on devices of the
varfous types.

CARNOT sTRLING /[
-
IR o
5 2 5 &
T ] / T 3 /
s )

BRAYTON ERICSSON

, $1guro 4: The magnetic cyc]es 111ustrated on the entropy—temgerature diagrer of a paramagnetic
S material .

Table I. Possible 4 - 20 K Ragnetic Refrigefator Designs

Ran-Regenerative

Hon-Recuperative Regenerative ‘Recuperative Hybrid
Rotational ALANL, #*%HAC Grenoble
Recinrocating| *<%J.P.L., Tokyo LANL ’ (LanL)
Other wE*ATokyo RIT (HIT)

SLARL ~ Los Alamos
weHAC ~ Hughes Aircraft Co.
awwg p.L. - Jet Propulsion Laberatory

unewYokye ~ Japanese groups at Tokyo Institute of Technology, Hatachi-ilesearch Laberatories, and
other interacting leboratories.
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The majority of devices underdevelopment appear to be non-regenerative non-recuperative. Both
ratating and reciprocating designs have been chosen. The detatls on most of these devices ave not. .
fuily known because the various groups have not yet published reports. There are pres and cons to
each design. Some of these design choices wiil become apparent in the discussion of the problems
in the next major section.

B. Second-law analysis{21]}

The efficiency of a refrigerator executing a thermodynamic cycle between hot and cold
temperature, Ty and T¢, respectively, can be written as -

¥roraL

where Qc is the reversibie cooling power and Wtota\ is net work flcw into the refrigerator.

This total work rate includes the pump power, magnet supply power, etc., in addition to the work
rate from the refr&gera;or itself. The refrigerator work rate can be calculated from the Second
Law according to .

.. L1 :
W= g, -1+ TH fu (~ N)zn + Tﬁﬁj (T - —f~)ar + Ty f“smn T
: far

where u1 is .the power added externalry that the refr1geratar must remove, e. g . friction, 'J

{s the power introduced through heat conduction from the surroundings; and as; is the rate

of irreversible entropy production from different mechanisms. Once a specific design is chosen, @
detailed analysis of the device can be done and a projected efficiency obtained. For example, in
a Caernot-cycle retational device designed at Los Alamos, the work rates frem each mechanisn were
calculated and are presented in Table II.

Assuming good hest exchangers, pump efficliencies of 50%, and drive motor efficiency of
803, the overall projected efficliency for the wheel device was 65% when rotating at 0.2 Hz through
& 6-T field to pump 0.67 ¥ frem 4.3 K to 15 K. This is an exceilent efficiency but only sl!ghtly
greater than a very well designed J-T loop. . However, the low rotational frequency sudgests it nay
have a long lifetime and good reliabiiity. . ;

Tabie II. wDR%‘RATES FROM VARIOUS MECHANISHS. FOR A CARNOT-CYCLE
o : HHEEL REFRIGERATOR

Item W (watts)
"W . reversible ' 1.64
Q“ cosduction 0.046
: HH heat transfer 0.012
¥y pressure drop 0.011
LR conduction . 0.016
“c heat transfer c.012 .
Hc pressyre drop 0.0001
H 4-15 K conduction 0.18
w friction 0.10
W parasitic heat leak 0.10
QH heat exchanger ’ 0.060
Hc “1eat exchanger 0:060
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IV. Problems

A. Isothermal Stages

The importance of the need for "fsothermal® stages in efficient Jou-temperature cycles was
realized by Jacob [22] some years ago for a Brayton cycle. The isothermal stages arc essenmtial
for all efficient low temperature cycles for the following reasons. In order fo transfer heat to
and from magnetic material te a single-phase heat-transfer gas, a temperature difference between
the cold magnetic material and the gas (&T.) ang hot magnetic material and gas (aTy) must
exist. The direct effect of AT, and AT, on efficliency can be calculated from Egs (2) and
(3) by integrating frem T, - 8T¢ to T. av the cold stage and Ty te T + ATy at the -
hot stage. The total expression is complux, but for only the reversible cooling power component
to the efficiency. we obtain

S

Ty - T

T, 1n( Te .)AT
T -8 ) . @

In (TH ‘+ ATH) T
Ty

For exanp]e between 4 and 20 K, if 8T. ~ 0.3 K and 4Ty ~ 1 K, the efficfency drops

-~ from 100% (reversible) to 62.5% rrom this effect alene. This clearly indicates that magnetic
" Brayton cycles in the 4-20 K range will be less efficient than the other cycles.

While this effect is probably obvious, 1t is important to remember for operation at very low
temperatures

B. Addenda

The major effect of additional thermal mass from various sources is to reduce the cooling
pcwer of a magnetic refrigerater. This is particularly important in non-regenerative designs
using the magnetic Carnot cycle because many of the addenda items have temperature-dependéent
thermal masses that tend to contribute more entropy near 20 K than nzar 4 K. There are several
ways to account for the effocts of addenda on the refrigerator, but the total entropyv approach is
one of the more useful ways. In this appreach, the entropy of each item in the refrigerator and
that of the magnetic materials are totaled The change in total entropy caused by the magnetic
field is easily obtainad. ’ .

Somé of the addenda items common to many 4 -20 K designs are containers, forms, supports, etc.
which must be present (o support or contain the paramagnetic material. Because excellent heat
transfer between the working material and heat-transfer gas is reguired, a porous
magnetic-material of some geometry along with convected helium gas are used. The porasity of the
material can lead to entrained helium gas, which causes an internal thermal load and gas movement
- during the cycle. The housing arcund the moving working material dessn't contribute to the
addenda once thermal equilibrium is attained, but thermal conduction from hot to cold sections
adds a thermal load equivalent to thermal addenda. Figure 5 shows the relative magnitudes of the
entropy of the addenda for a particular design. These effects are @ severe problem ip
non-regenerative designs. . .
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In any 4 -20 F refrigerator that uses convective heat transfer between heiium gas~the magnetic
solid, there will be a flow-control problem.  The probiem is caused in part by the temperature
d1ffere1ces in the refrigerator and in part by the motion of the working materizl. In a rotating
design, elther crossfiow or counterficw das motion in sections of the whesl is possible and heat
transfer occurs continously. The hot and cold section must be separated by some sealing )
mechanism,. such as clearance or labyrinth seals. Rubbing seals of vartous designs ara possibie,-.
but careful attentton must be paid to clogging due to small particles from abrasion. Because of
the close tolerances in highly effective porous beds, performance could degrade rapidly with

clogging. . Fricticn must also be kept to a minimum, especially when 1% occurs at the cold part of

the refrigerator.

Reciprocating designs need flow during the motion of tho pisten of working material in order
to achieve an isothermal stage in a cycle. Clever designs are nesded to establish fiow through
the piston in some fashiocn and at the same time have isolated hot and co]d sections in the’

refrigerator cylinder.

Pumps are essential to flow control.
cooling power in order to attain high efficiency.

The pumping power must be fatrly small compared to the
gEfficient, reliable, long-lifetime pumps
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operating at low temperatures sre a real problem area. Y small pressure differences and modest
vo]ure flow rates are different requirements from most 3 ‘vious low-temperature pump work [23]

0. External Heat Exchangers

High performance heat exchangers are very important for high efficiency because the
temperature differences allowed on each end of the refriaera;o' mist be relatively small accord1ng
to £3. 6. The heat exchanger heat-transfer 1rrevers1b111ty for single-cotl heat exchangérs in a
pot cf]boiling or condensing cryogen, such as liquid hydrogen or helium, can be shoun to be given
by {28

W
ﬁlQR in - 'o ey To * (Tin - To)'e-ut“
-.—".— = ——-T—'—' (T-e )4- In . " (5)
W“p o Tin

where SIRR is the entropy generation rate, Cp is the fluid thermal mass flow rate, Ty, is
the gas inlet temperature, Ty is the cryogen bath tempersture, snd Nyy s the number of heat
transfer units charscterizing the heat exchanger. For Mgy greater than about 10, Eq. (5)
reduces to

far\ 2
1o, far
Siap T L M . (6)
e 2 p(TO)

where AT is defined by an = Ty + BT Equation (6) clearly shows that a small &T is
important for efficient heat erc\unqsrs if the H¢y ¥s reasonably high. Exchangers with
Ney > 10 are readi]y achieveable.[25] .

E. Magnetic Fleld

1. Forces

The forces between the megnetic material and the magnet can be substantial iF high fields and
large volumes of material are combined. For example, in a sigple axlal case where dB/dz might be
10 T/m, 100 end of saturated GGG in a cylindrical pisten will experience a force of ~546D B
(‘200 1bsg).Clearly, forces of this magnitude must be carefully censidered in any design.
Peciprocatirg dovices have the ‘possibitity of partiaily cancelline the forces by using two
opposing pistons, but these designs must have supports for the large compressive stress betusen
mzanetic pistons. Rotating devites have natural cancellation of forces but have & large load on
the drive shaft bearing because the entire wheel is attracted into the magnet.

2. Proftie

geciprocating devices use solenoidal magnets which are rather stralght forward but do require
somz field shaping depending upor the desired cycle. Ron-regenerative Carnot cycles equire
approximately Tinear field profiles which are readily approximated. Rotating devices allow
several possible ways for production of the magnetic field such, as Helmholtz palrs, racctrack
coils, and solenoids or bent solenoids. The first two aliow axial drive while the latier reguires
rim drive. The difficulty in all these cases in that the ratio of fleld at the magnetic material
to the fleld in the magnet windings is large, §.e., 1: 1,2-1.4. This restricts the raxiumum
field easily obtainable at the magnetic material when the colls are wound with HDTI
supercenducting wire.[26] If Hb3Sn is used to wind the mugnets, higher fields are possible but
only at higher costs. .
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V. PROGRESS

There are several magnetic-refrigeration develapment projects around the world. The commants here
are restricted to those with immediate interests in ~§ to ~20 K prototypes.

A.  Hughes Alrcraft Corporation

As indficated in Table I, HAC has started a magnetic refrigerator development program on -
Tow-temperature devices for applications as spacecraft coolers.[27]

B. Jet Propulision Laboratery

The deep-space communications network uses a series of antennaes with cooied maser
amplifiers. The present Gifford-KcHahen plus J-T loop coolers have worked for many years, but’
there is a desire to see if the J-T loop could be replaced by 2 magnetic stage that would increase
efficiency and improve reliability. A report on this project is included in another session of
this conference.[28]

C. Ha§sachusetts Institute of Technology

This is a fairly new program uorking on a magnetic redgenerative concept and on hybrid
gas-magnetic devices.[29]

D. Grenoble Grou

Following the ocutstanding success of their 2-4 K reciprocating magnetic refrigerator, the
French group have started work on a 4-20 K rovational magnetic refrigerator.{30]

€. Tokyo Group

The Japanese group represents several industrial research laboratories in collaboration with
Professor Hashimoto's group in the Department of Applied Physics at Tokoyo Insititute of
Technology. Their general interest is in low-temperature refrigerators for cryogen liguefaction.
They have reported several results on their use of GG6 to liquefy helium [31] with a
charge/discharge magnet cycle. Wz understand that they are now modifying their apparatus to
‘operate in a reciprocating mode hetween ~4 and 20 K.

F. Los_Alamps Kational Laboratory

The 4-20 K rotational refrigerator under developrznt at Les Alamos is part of a broad magnetic
refrigeration program. The objectives include basic research to providz a data base for design
and prototype development to preve the potential of this technology by corstructing a2nd testing
- working devices. The 4-20-K device is described below in more detail.

1. Oescription. The rotationa1 concept has several desirable features, such as balanced
magnetic forces and continuous refrigeration. The Carnot cycle is also the easiest of the cycles
to execute, although the entrained fluid problem must be carefully handled. A magnetic wheel
designed to execute a Carnot cycle is shown in Fig, 6. The GGG used in this design s contained
in small rectanguilar compartments on the rim of the wheel. The GGG is in the form of
approximately spherical chunks. The wheel is made from stainless steel, ane stainless steel
screen is used to enclose the inside and outside of each compartment.

The wheel rotates inside a stationary housing that has two duct regions such that halium gas
can pass radially through the G6G. The ducts are located at positions where the GGG reaches 20 K
as it is magnetized and where the GGG reaches > 4.2 K as it is demagnetized. The external heat
exchangers are connected to the ducts and form part of a hermetic system arcund the wheel that
contains the helium gas. Two pumps circulate the helium gas through the wieel and external heat
exchangers. The wheel can be driven inside the housing by a.magnetic counling to avoid any coid
seals to a rotating shaft. The fabrication talerances on the wheel and the housing nced to be
very close, so that clearance seals are formed between the moving wheel and the fixed housing.
Because the entire housing contains helium gas, there should be very little nmverowt of helium
past these clearance seals. ..
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F1guré 6: A schemztic diagram of a Carnot-cyc\e whee1~type magnetic refrigerator for operation
between 4. 5 and 20 K .

The magnet consists of a pair-of scienoids wound on iron cores and supported by an iron voke
for flux return._ The resultant c-shaped magnet is designed for a maximum fileld of ~ 6T in the
gap of 2 cm. The leads cen be removable so that after the magnet is charged and put in persistent
rode, the power supply can bs turned down and the leads removed. The fagnzt §s kept at ~ 4.2 K
by 1iguid helfum in the dewar surrcunding the magnet. Because the whele magnetic refrigerator
operates in a vacuum chamber, the 1iquid heliun deuar need only be single-walled and have no
superinsulation direct]y on 1t.

2. Resu1ts

The megnet works well in persistent-mode and produces 6T in the gap where wheel is lecated.
The flow of helium through the wheel is about as expected with respect to the pressure drops, but
there 15 significantly more leakage from duct to duct than expected. There s schstantial loading
on the central shaft bushing and early versions of the wheel jammed when the field was fincreased
from zero. As an example of the performance, Fig. 7 shows an early curve of the ccoling power as
a function of temperature span.
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Figure 7: The cooling power as a fuaction of average temperature span for the Carnot-cycle
rotational refrigerator.

So.far the results indicete that gas movement is the deminant preblem, 3s might have been
expected. The efficiency of the overall refrigarator, facluding drive motor, gear reducers,
friction, etc., is low, typically 1% of Carnct but the efficiency of the refrigerator exciuding
these contributions is ~20% of Carnot. Obvicusly much more work needs to be dome to achieve the
desian goals but these early results are very eacouraging, énd we expect they are the beginning of
8 series of successful devices froa the several existing progreass.
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RECIPROCATING MAGNETIC REFRIGERATOR

Dean L, Johnson

Jet Propulsicn Laboratory,
California Institute of Technology,
Pasadena, CA, USA

The Jdet Propulsion Laboratory is developing a 4-15 K magnetic
refrigerator to test as an alternstive to the Joule-Thomson circuit as the low
temperature stage of a 4-300 K closed-cycle refrigerator, The reciprocating
magnetic refrigerator consists of two matrices of gadolinium gallium garnet
spheres located in tandem on a single piston which alternately moves each
matrix fnto a 7 tesla maanetic field. A separate helium gas circuit is used as
the heat exchange mechanism for the low end the high temperature extremes of
the magnetic refrigerator. Deteils of the design and results of the initial
refrigerator component tests are presented.

Key words: Closed cycle refrigerators; expansicn engine; gadolinium galiium
garnet; gas pumps; magnetic refrigeration.

1. Introduction

In the past few years a lot of interest has been generated towards designing and developing a
contintuously operating 4 K magnetic refrigeration stage for a closed cycle refrigerator (CCR)
{1-4] 1ts patertial for high eff!cinncy perfornAﬁge wakes magnetic refrigeraticn 2 likely

. alternative to the passively operating, but highly inefficient Joule-Thomsen circuit. The success
of the magnetic refrigerator for this temperature range will depend on {he development of syitable
design approaches to answer questions of heat transfer effectiveness, helium gas movement, wear
rates of materials and expected Jife cycles of the refrigerater components.

The Jet Propulsion Laboratory (JPL) has initiated the development of a 4-15 K magnetic
refrigerator to assess its potential as a replacement to the Joule-Thomson circuit of a closed
cycle refrigerator [5]. JPL has bzen using 1 Watt at 4.5 K closed cycls refrigerators since 1965
for cooling the Tow-noise maser amplifiers required to receive very weak signals from spacecraft
in deep space. Up to 30 CCRs are in near continuous operation in the Deep Space Cemmunications
Network thet JPL operates for the National Reroneautics and Space Administratfon. These CCRs log
approximately one guarter of a million hours annually. The successful dn-ruopﬂnnt of a magnetic
refrigerator would reduce the ovarall life-cycle costs of the CTR by reducing the electrical pbh.r
consumption of the CCR and by tnsuring a longer HTBF for the operating rg.rigerator. .

The design of the engineering model 4-15 K magnetic refrigerator under development at JPL
" addresses the basic requirements of refrigeration pover, 9 f1e1d stability, reliability and
-efficiency. It is the objective of this paper to describe the design of the magnetic
refrigerator, discuss the compongni test results, and provide a status of the development effort.
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2. Experimental design

Choice of the magnetic refrigerator design must depend ultimately on the device it is to
coal, in this case the maser, an ultrasensitive microwave signal amplifier whose performance
depends critically on a stable DC magnetic field, and on a low operating temperature having
milliKelvin stability. The refrigerator package for the maser must be orientation independent
since it is located in the feedcone of a large tracking antenna which points anywhere from horizon
to zenith. The design requirements for the magnetic refrigeration system is therefore quite
stringent. The design of the engineering model preseatly under development addresses cnly the
basic requirements of refriceration capacity, DC field stability, reliability and efficiency. The
reciprocating design has been selected for its relative’ simpler fabrication requirements and the
greater ease with which the experimental results could be verified theoretically.

The schematic of the magnetic refrigerator design is shown in figure 1. All components have

_been fabricated at JPL. The major companents are shown in figure 2. The CTI Hodel 1020 expansion
engine provides the high temperature heat sink for the magnetic refrigerator and is capadble of -

producing better than 9 W of refrigeration at 15 K. This refrigeration capacity is a major

determining factor 'in the final 4 K cooling power of the magnetic refrigerator. The hydrogen heat
switch is used during initial cooldowns to precool the helium dewar and magnet assembly to 20 K

before liquid helium is transferred into the dewar. This experimental design presently calls for

the external transfer of ligquid helium to cool the magnet; future designs will require the
magnetlc refr}gerator stage to provide the parasitic refrigeration requirements of the magnet.

- The 7 T magnetic field is supplied bv a 10.2 om HbTi solenoid having a 6.3 cm bore. The
magnet is operated in persvstent mode. When the magnet is fully charged, the current Ieads will
be detached at the magnet to minimize heat leak into the liquid helium bath. Quench protecticn of
the magnet is provided by a short length of stainless tubing attached across the wagnet leads and
immersed in the liquid helium_Bath., The magnet is encased with a magnetically soft material,
Hiperco (Carpenter Technology Corp., Reading, PA), having a saturation induction of 2.4 T. The
Hiperco is used to entrap much of the magretic flux exiting from the bore of the magnet.

The pisten is driven with a 185 W (1/4 H-P) speed-controllable gearmotor. This rotaticnal
motion is converted to reciprocating motion by means of a “ball reverser” (Norco, Inc.,
Georgetown, CT), a nut with ball bearings that run in a cross-hatched track cut into the drive
shaft. The track has 2 set stroke length of 9.2 cm and provides a displacement of
3.175 em/2x rad. A 10 rad/s rotation rate for the gearmotor translates to a 5.1 c¢m/s linear speed
for the GGG piston and to a cycle freguency of 0.28 Hz. A turn-around in the ends of the track
automatically reverse the direction of travel of the nut to provide smoath reciprocating motion
without reversing the direction of rotation of the drive motor., A rotary ferrofluidic feedthrough
(Ferrofluidics Cerp., Nashua, M4) couples the gearmotor to the ball reverser, which is housed in
the helium gas of the magnetic piston circuit. This eliminates the requirement for reciprocating
vacuum seals on-the piston drive shaft, -

" The 'key components of the 4-15 K magnetic refrigerator are the cylinder assembly and the
piston containing the paramagnetic material. The cylinder assembly is made of thin-wall stainless
steel and provides the ducts through which the heat exchange fluid flows (Fig, 2). The ducts are
made from thin-wall rectangular waveguide tec minimize the annular gap between the piston and the
magnet, The phenotic piston is machined in three parts -~ two thinr-wall cups to contzin the porous
Gd3Gas0i2 (GGG) matrices and a solid center section to separate the matrices (Fig., 2). Threads
were cut into each piece to facilitate both the assembly of the piston and the modifications to
the matrices. Each compartment is 33 mm lYong and 38 mm in diemeter and is filled with 160 gm of
1.1 mm diameter GGG spheres for a fill factor of about 60%. Stainless screens are inserted in
each end of the compartment to prevent the GGG from migrating out the holes in the piston.

The use of the two matrices doubles the heat removal capacity per cycle of the piston and
provides a more continuous transfer of heat to help reauce temperature fluctuations; The 4.2 K
cooling power of the magnetic stage operating ideally in a Carnot cycle can be given as

Q¢ = nTgvasSn
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where n is the number of moles of Gd3* in the matrices, Tc is the refrigeration temperature, v is
the frequenty of operation and 4S5 15 the change in entropy during the fsothermal demagnetization,
and n is the fraction of Carnot efficiency at which the magnetic refrigeration stage cperates. In
this design there is 0.948 moles of Gd3*, and if the matrix cycles between 0.5 T and 6.5 T over
the temperature span of 4 K and 16 K we can assume AS is 0.3R (which takes into account the
éntropy chinge of the GGG minus the entropy change of the entrained hzlium gas), then the
refrigeration power at 4.2 K is

6(: = 9.9y K.

Some of the factors effecting the efficiency are the thermal heat leaks along the cylinder wall
and the drive shaft, the heat capacities of the piston and cylinder, and the heat transfer between
the gas and the GGG matrices, . These factors ccontributing to the loss of cooling power of the
refrigerator will be identified and minimized during refrigerator testing. No attempt will.be
made to calculate these effects here. To minimize the internal heat load due to the entra1ned
helium, the helium gas pressure will need to be kept below about 0.1 Wra.

He]lum gas provides the heat transfer between either matrix and the low-temperature sourcc
and the high-temperature sink, When the GGG matrix is positioned adjacent to a gas duct in the
cylinder, nelium gas is forced through the holas on one end of the matrix compartment, through the
porous matrix, and out the set of holes on the other end of the compartmeni: (fig. 3). The ridge in
the center prevents gas leakage along the outside of the piston, The indents in the outer surface
of the piston allow the gas to flow through the matrices while the displacer is still in motion so
that gas flow need not be limited to the time the piston is positioned at the ernds of the stroke.
The placement of the gas ports in the cylinder and the geometry of the piston eliminate the need
for machanical valves at these low temperatures, Dur1ng this portion of the cycle the refrigerator
operates in an isothermal fashion, As the piston is then roved from one end of the stroie to the
other, the cuter ridges of the piston act as close tolerance seals to prevent the gas from either
circuit from passing along the cylinder wall and thermally short-circuiting the matrices. The
Tow-friction fiberglass-impregnated teflon seals further insure that the gas leakage is minimized,
This allows the matrices tu magnetize or demagnetize in an adiabatic fashion, Thus the sycle of
the piston should approximate the Carnot cycle. ,

Heat exchangers filled with phosphor-bronze screens are used to transfer heat hetwzen the
helium gas in the circuits and the heat source or the heat sink. Fluid flow through the gas
circuits is produced by seperate linear-induction, positive-displacement pumps in both the
low- and high-temperature gas circuits. The two gas pumps are drivcn back and forth in phase
relation to the motion of the GGG pisten. The pumps easily develop the low pressure head required
‘to overcome the pressure drop through. the G2& matrices and the heat exchangers. These pumps have
been operated’ successfuluy at tow temperatures but their Iong-term pe rformance has not yat been
determined, . -

3; Componant Test Results

The use of the Hiperco surrounding the magnet provides a more rapid transition between the
high field and low field regions enabling a shortened stroke length for the GGG piston. Figure 4
compares the measured axial magnetic field profile of the solenoid with and without the Hiperco
and shows the position of the piston at the end of the stroke. At eithar end of the stroke, the
axigl field at the position of the center of the two GGG matrices is 0.5 T and 6.5 T, with a
maximum #7% change in the measured axial field over the length of the GG5 matrix in both the
high-field and the low-field regions,

The magnetic field pulls both GGG matrices towards the center of the magnet. The magnitude of
this attractive force depends on both the magnituda and grad1ert of the magnetic field which, for
cylindrical symmetry, may be approximated by F, = m, (2Bz/3z), where F s My and B are the axia]

components ot the torce, the GGG magnetization and the magnetic fma\d, respect\vely. The use of .
the Hiperco to shape the 7 T field has generated a magnetic field gradient of 105 T/m which
produces a force as high as 1550 N on each of the 160 gm GGG matrices at 4.2 K. This large force
dictates the need for careful positioning of the matrices to piovide adequate force balancing.
From the force equation the first ch‘.ce made was to positvon the matrices so as to coincide with
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the distance between the maxima in the field gradient. Figure 5 shows the measured force required
to move the 4.2 K piston through the magnetic field, with the maximum net force being measured as
630 N. This force could be reduced by decreasing the separation distance between the two matrices.
This reduction in force is desirable to reduce the power needed to drive the piston. However the
matrices then move through a different portion of the magnetic field profile which will have an
unknovn effect on the refrigerator perfo.mance. These effects will be examined during testing of
the magnetic refrigerator. Additional force compensation, if needed, may be provided by imbedding
small stugs of GGG in the center section of the piston so as to be thermally isolated and not a
part of the refrigeration process..

4. Conclusion

The high reliability of thn individua) components should result in a high reliability for the
magnetic refrigerator as well. The gearmotor has been overdesigned to handle the anticipated
Targe loads for smooth oparation at slow speeds. Operation at these slow speeds will minimize the
wear rate on the low-temperature sliding seals, The magnetfc refrigerator has been designed to
minimize the problems associated with gas contamination. The magnetic refrigerator stage is a
closed gas loop system; the gas circuit 1s sealed after the initial charge of helium gas. The
internal gas displacers eliminate the need for an external compressor to provide the gas flow.

The external and internal portions of the piston drive train are coupled together with a rotary
seal to prevent gas contamination entering the circuit along the drive shaft. The magnetic
refrigerator also requires no small orifices as with the Joule-Thomson valve, further minimizing
the problems associated with gas contamination. Elimination of the Joule-Thomson circuit can -
reduce the input power requirements for the compressor by about a third, .

The design of the reciprocating magnetic refrigerator to pump heat frem 4 K to 156 K has baen
.presented, Initial tests to examine the field shaping ability of the Hiperco and to measure the
resulting magnstic forces on the GGG piston have been made in an cpen-cycle dewar., Further testing
to reduce the magnetic force through field shaping will be made in the assembled refrigerator 50
that the refrigerator performance may be measured as well, The magnetic refrigerator is currently
being assembled, )

The research described in this paper was performed by the Jet Propulsion Laboratory,
California Institute of Technology, under contract with the National Asronautics and
Space Administration,
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IMPROVED HEAT SWITCH FOR GAS SORPTION COMPRESSOR
Chung K. Chan

Jet Propulsion Laboratory
California Institute of Technology
4800 Oak Grove Drive
Pasadena, Lalifornia 91109

Thermal conductivities of the charcecal bed and the copper matrix for the gas
adsorption compressor were measured by the concentric-cylinder method. The pre-
sence of the copper matrix in the charcoal bed enhanced the bed conductance by at

" least an order of magnitude. Thermal capacities of the adsorbent cell as well as
the heat leaks of two compressor designs were measured by the transient method.
The new gas adsorption compressor had a heat switch that could transfer eight
times more heat than the previous one. Because of this, the cycle time for the
new prototype compressor was also improved by a factor of eight to within the
minute range. i

Key words: Charcoal bed; copper foam; gas adsorption; gas heat switch; heat
capacitance; refrigerator; switch ratio; thermal conductance.

1. Introduction

In tne gas sorption refrigeration cycle, whether it is the gas adsorption system [1,2] or the
gas absorption system [3,4], the sorption {adsorbent or absorbent) bed must be cycled between the
temperature of the heat source and the temperature of the reservoiv to which heat is being rejected.
Thus, making and breaking thermal contacts of the sorption bed with the reservoirs are essential
operations. A similar situation exists’ for thé salt bed of the magnetic refrigerator. Heat
switches based upon different physical mechanisms have baen developed. Machar1cally actuated heat
switches [5] have been proved unveliable at cryogenic temperatures, and requive large contact force.
Magnetoresistive heat switches [6] are, except at very low temperatures, of very low efficiency and
require a magnetic field. Gaseous therual Su1tches [7,8] which are probably the oldest idea, depend
on the switching actien resulting from the presence or absence of the gas. Efficient gaseous
switches require a small gas gap but large heat transfer areas which are sometimes hard to achieve.
Since the primary goal of the sorption refrigerators is one of lifetime and reliability, it was de-
cided to use a reliable gas heat switch for the adsorption compressor [9].

Since the switching function in the gaseous heat switch is accomplished by the presence and
absence of the gas between two surfaces, gas supply and a suction pump are required. These func-
tions are provided by an adsorption pump ccnnected to the switch. In our eariier gas adsorption
compressor (GAR-I) [9] the heat switch in each compressor unit was controlled by a miniature pump.
In our current modular design (GAR-I1), each compressor unit has one heat switch but Ffour heat
switches are controlled by cre pump [10].
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One majc * difficulty in the gas adsorption or desorption process is to transport heat into and
out of the porous media rapidiy. In the GAR-1 design, because of this limitation, the cycle time of
the gas sorption refrigerator was in the range of six to fifteen minutes. This time was tooc long
for a practical refrigerator. As an ongoing development effort of nonmechanical (gas adsorption or
absorption) refrigerators for spaceborne instruments, research has been performed to study the heat
transfer characteristics of the porous charcoal medium, the porous medium enhanced by a metal ma-
trix, and the gas heat switch. This paper presents the results of these research efforts that Iead
to the construct’:n of the rapidly cycled compressor {10].

2. Thermal conductance and gas adsorption compressor designs

The thermal properties of charcoal beds with heat transfer enhancement element are essential
data for compressor design and performance analyses. The thermal condu.tivity of a bed of charcs
was measured in the temperature range between 20C and 475C, using a conventional steady-state
method, the so-called concentric-cylinder methed, with the inner cylinder being a heater. The char-
coal particles (200 um - 400 um in size) were filled into the space between the heater and. an outer
stainless steel cylinder. The heat flow was radial as the length of the cylinder (L) was large
(5.1 cm) compared to the distance between the cylindrical shells (0.85 cm). The temperature gra-
dient due-to the radial heat flow was measured by two thermocouples located at radii ry and.vg,
close to the mid-point of the cyllnder The thermal conductance k of the bed was calculated, rrom
the foTlowxng relation:

an(ro/ri)
T P M

thermal conductance (W/cmK)
power of the central heater (Watt)

i To, temperatures measured at radii Tis Tos respectively

where

non

k
Q
T
With . = 0.31 cm and ro 1.17 cm, the results for the thermal condugtivities k of the chagcoa]
bed are listed in Table 1. Thermal conductivities between V.17 x 1077 W/cmK and 1.26 x 1077 W/emK

“are found. These values are in the same order of magnitude as those of the zeolite bed reported in
the literature [11].

Table 1. Thermal conductance of charcoal bed

T,(0) T oy (e

; e
229 59 | 4.45 ; 17 x 1073
295 78 ! , 6.24 ; 117 x 1073
365 L g i 8.19 % 1.22 x 1073
420 104 i 9.49 i 1.23 x 1073
475 I ! 1102 ; 1.26 x 1073

The thermal conductivity of a copper foam {3% by volume) was determined by the similar method
and the value was listed in Table 2. It was observed that the copper foam had thermal conductivity
an order of magnitude better than the charcoal bed. Hence, when the charcoal was packed into the
copper foam matrix, the thermal conductance of the bed would be increased by an order of magnitude.
Because of this heat enhancement, in our earlier adsorption compressor (GAR-1), as shown in_Fig. 1,
7.38 gm of charcoal which was confined within a stainless steel cylinder of volume 14.35 em3, was
packed into the open foam copper matrix. The temperature of the adsorbent cell was controlled by a
40 W heater and a gas heat switch gap to a 77 K heat sink. The presence and absence of the gas in
the gap are controlled by a miniature adsorpticn pump containing a small amount of charcoal. A
schematic of the adsorbent bed, the heat switch and the miniature pump is shown in Fig. 1.
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Table 2. Thermal conductance of copper foam

. W
T, (c) T,(0) o) «(zhe )
a6 a4 2.15 0.040
76 69 4.66 - 0.026
144 _ 130 11.28. ‘ ©0.033
195 170 6.7 0.027
274 227 28.1 0.024

The hedt path from the adsorbent bed to the 77 K heat sink passes through the porous bed and -
the stainless steel wall and is interrupted by the 0.18 mm annular gap between the inner stainless
steel cylinder and the outer brass cylinder before it reaches: th. 77 K heat sink:™ The gap may be
vacuum or filled with hydrogen gas through the stainless-steel cgp111ary tube C, depending on the
temperature of the miniature adsorption pump. The pump is maintained in weak thermal contact with
the heat sink through an appropriately sized wire. A heater and a silicon diode were attached to
the pump chamber . : ‘

The pump chamber was leak tested, vacuum outgassed and backfilled with hydrogen at 77 K and
200 torr. At that temperature all the gas was adsorbed onto the charcoal and there was no gas in
the heat switch gap, i.e., the heat switch was off. When the pump was heated to about 110 K, the
gas was released and the pressure built up. Hydrogen began to flow from the pump to the gas gap,
j.e., the switch was on. Hydrogen was chosen because of its relative high thermal conductivity.
The test results ar: presented in the next session.

The new refrigerator design (GAR-II) of 250 m¥ at 20 K consists of panks of individual com-
pressor modules. A schematic of a modular design.is shown in Fig. 2. This design involves four
banks (A, B, C and D) containing sixteen compressor modules in tota)l. Each compresser module is a
double walled cylindrical unit as shown in Fig. 3. The charcoal, confined within the stainless |
steel inner pressure vessel, is packed into an open copper matrix foam. The gap between the inner
and the outer cylinders is the gas heat switch. The heat switches of four compressors are con-
trolled by one miniature adsorption pump of charcoal which when heated supplies gas to the switch,
turning it on and when cooled, removing gas from the switch, turning it off. Each bank has onz such

_miniature adsorg*ion pump, so all the compressors in each bank are cooled at the same time,

3. Tran51ent exper1m nta1 measurements and results

Trans1ent therma] tests were performed for the GAR-1 compressor (Fig. 1) ‘and the GAR-11' com-
‘pressor module (Fig. 3) to determine the heat capac1ty of the adsorbent bed the heat leak, and the
switching capacity of the heat switch.

In the tests invo]ving the heat capacity, both the adsorbent cell and the heat switch pump
were evacuated. The adsorbent cell was then heated, and the transient temperature was recorded.
As the first iteration, the heat leak was ignored and the heat capacity of the adsorbent cell
(mcp)"ell' which included the charcoal, the stainless steel vessel and the copper foam was deter-

(megdeern = ("dra ' @
)

vhere { ='heat‘input

dra = transient temperature gradient of the cell

dt

mined by

The heat leak K_ from the cell was determ1ned by recording the temperature duwrng the cool
down of the cell:
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{ec ) 7. -7
e p'cel} enf = S (3)
S T T,
where T T are temperatures at times t, and t.
ts is the heat sink temperature
Yith the knowledge of the heat leak, as a second iteration the heat capacity was recalculated by
. g - K,_(Td - TS)
(mtp)ce\1 ® ( at (3}
at

where Ta is the adsorbent cell temperature.

The heat capacities of the GAR-I adsorbent cell calculated by equations (2) and (4) are shown ia
Fig. 4. A theoretical curve based on the properties of carbon, stainless steel and copper is alss
shown in the same figure for comparison. It was observed that the experimental data were about 30%
higher -than the theoretical prediction. Fig. § shows the response of the switch to the heating of
the charceal nump. HWithin 50 seconds the switch is conducting. The value of the conductance K can
be determined from the temperature transient by an eneroy balance of the adsorbent cell:

. A a1 .
[(mgp)a * (@Cb)s.s. * (me)c] Efg = KT, - Ts? (8]

where - m is the mass
Cp is the heat capacity

the subscripts a, s.s. and c represent the adsorbent, the stainless steel vessel and the
copper foam, respectively

_‘fg_ is the gradient of the temperature transient

dt

TS is the heat sink temperature

The thermal conductance K was plotted as a function of the mean temperature, i.e., (T + 7_)72) ia~
Fig. 6. The theoretical K was calculated by knowing the heat switch area A, the gap $ize § ang
the thermal conductivity kg of the gas as '

K
K= Ff (6)

Thus, with hydrogen as the working gas, the switch of GAR-I has a conductance of 0.84/K when the
switch is on and a conductance of 0.14/K when the switch was off, giving a switch ratio of S.7.

Sinilar tests were performed for the GAR-II compressor, and the results are shown in Figs. 7,
8-and 9. The thermal conductance of this new heat switch design was found to be 8 times better
than the previous design. The switch of GAR-II has a conductance of SW/K when the switch was on
and a conductance of 0.374/K when the switch was off, giving @ switch ratio of 14.

4. Conclusions

‘The thermal properties of the adsorbent bed and the heat switch were determined by-steady state
and transient experiments. - Results of these hcat transfer studies led to the design and the con-
struction of a new gas sorption compressor which had a heat switch that could transfer 5 W/K of
heat from a 6 cm (H) x 2.54 cm (D) cylindrical moduiar compressor. BRecause of this, the cycle tice
for the new pratotype compressar was about one minute. Since the system weight is almost iaversely
proportional to the cycle time, this improvement will nc doubt reduce the refrigerator weight in
spaceborne missions.
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HYDRIDE ABSORPTION REFRIGERATOR SYSTEM FOR TEN KELVIM AND BELOH

v

Jack A. Jones

Applied Hechanics Division
Jet Propulstion Laboratory
California Institute of Technology
Pasadana, Californias 91109

Recent work at JPL has shown that a very long-iife, lightweight and
effictent hydride absorptfon refrigerator system can be buflt to operate at
ten Keivin and below., The system consicts of four basic stages of
refrigeration. The first stage can be accomplishad by means of &n active

- refrigeration system such &s a long-life Gifford-Fciahon expander or a
charcoal-sorpticn refrigerator, or even by a passive space radiator operating
below 120 K., The second stege is operated by & hydride absorytion systesm,
wherein a heated hydride powder drives off hich pressure hydreogen thirough a

. Joule-Thomson/heat exchanger expansfon loop such ¢hat the. hydrogen fs

- partially liguefied {20 K at 1 etmosphere pressure). In the third stage, the
vapor pressure over the collected Viquid hydrogen is lowered by mezns of
absorbing the nydrogen vapor onto a different low pressure, warm hydride.
Hith a 1.7 torr partial pressure of hydrogen gas fn the hydride, Tiguid
hydrogen s solidified and sublimes &t 10 K. Lomg-life adigbatic
demagnetization vrefrigerators, helium desorption, or helium diaphregm
compressors may possibly be used to ccol to 4 K or below. :

Preliminary analysis shows that the hydride concepts provide an extreualy
efficient means of rervrigeration to 10 K, and that &n entire sorptien
refrigeration process can be acceaplisiad solely by using low grade heat
energy at ebout 1509C. Furthermore, an entire sorption refrigerater systenm
has no moving parts, other than long-life velves, which have been Vife-tested
at JPL to aa acceierated Vife of 500 yeors, Prelimingry tests and aonalyses of
the sorption refrigerators indicetss an expacted Vifetime of at least ten
years. Present lightweight Gifford-tckahon expanders have lifetimas greater
then 2.3 years, although this cen likely be increased by means of redesign.
and/or redundanzy. - '

Key words: 'absorpfieni- adiabatic demagnetization; adsorption; cryogenic;
Gifford-HcHahon; hydride; hydrogen; refrigerator; sublimation.

1. _ Introduction

There are & nurher of mechiznical cryogenfc refrigerator systems that are capablie of

producing temperaturas as low as ten Kelvin and below. These systems, which include varfous
Stirling cycles, Brayton cycles and Vuilleunier cycles, all reguire the use of wesr-related
moving parts and/or very complicated electricael equipment., Although much progress has been made
in recent years, none of these systems has, to-daté, demonsirated extrenely long Vife (five years
or greater), primarily because of ‘mechanical faflure problaws. It was precisaely for this rcason
that the Jet Propulsion Laboratory decided {n 1979 [11 te explore the possibility of using
non-mechanical sorption refrigeration systems for sensor cooling systems that would eventually
explore the outer planets. These missions require 14fetimes of ten years and more. Mith
sorption refrigeration systems, there are no wear-related moving parts, and the controlling
electronics can consist entirely of simple, long-life, solid state timers.

" Recent work at JPL has demenstrated the feasibiifty of extremely long 1ife (at least ten
years) for hydride absorption coolers in the twenty Keivin range {2, 3], end analyses has proven
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that this terperature range can be lowered to ten Kelvin by means of using an additfonail,
non-nachanical solid hydrogen sublimation stage. This extremely efficient stage then cpens the
door to even lYower temperature, long-life systems when used as a preliminary stage for helium
sorption systems or for adiabatic demagnetizatfon refrigeraters, botﬁ of which will be described
Tater 1n this paper.

2, Principle of Operation
2.1 20 K Refrigeration

The basic princinle of operation for the 20 K hydride refrigerator is that a continuous flow
of high pressure hycrogen gas is generated by means of non-rechanical hydride compressors. The
high pressure a3s 1s pumped through a series of heat exchangers and a Joule-Thomson (J-T) valve
such that the net cooling effect due to expansion of the gas at the J-T valve lowers the hydrogen
temperature to fts liquefaction point, 20 K at one atmosphere pressure (Figure 1).

The principle of the compressor operstion fs based on the fact that the intermetallic
hydrides such as Ladis, ghsordb cbout six stoms of hydrogen per unit formuyla with an ecuilibrium
pressure of a2 fes atmdspheres at room temperature., The density of the absorbed. hydrogen at room
temperature is aloost tuice the density of Tree Tiauld hydrogen at cryogenic temparatures.

The equilibrium pressure of the absorbed hydrogen 1s a very strong function of temper eture.
and thus the hydrogen static pressure c¢én be increased from 4 atmospheres at 400C- (313 K) ¢o
about 60 atmospheres at 1200C (393 K). Cycling can also be &achigved with the use of other
metallic hydrides, whose tewperature-pressuve characterisics are different than Ladi
alternately heating and cooling a series of hydride conteiners, a continuous flow ¢ hi
pressure gas 15 thus supplied to the Joule-Themson (J-T) expansicn valve im Figure 1. The
expansion of the gas causes partiel liquefaction which can thien absord heat at 1iquid hydrogen
teaveratures.

The basic *‘vantages of this type of systes are that {ft providss considerably lower
temperatures (20 K or lower) than those from passive radiator systems (approximately €0 K), and
yet it still has no mochanical woving parts, other than self-operating check vealves, which have
been life-tested at JPL for an accelercted Vife of 500 ye»rs. It is much simpier, end has a much
Torger life expectamcy thom present orbiting mechamical refrigeraticn systoms, and 1t can be
operated using Tow tesperature waste heat or direct solar heat. :

‘In ordzr to provida heating and cooling of the hydride compressors, ¢ siwple gas-gap tharmal
switch con be used (Figure 2), Feor spacecraft application, heating could bz cbtained by mesns of
a fiat platz solar cotlector (or possibly a radicactive thevmal energy souvce), .and the heat
could be transferred to the hydride by injecting a ges into the gold-plated gap betwsen the solar
plate collar and the hydride. To cool the compressor, the solar plate therwal switch gap would

- be evacuated, end gas wpuld-be injectad 1into the gap betwcen the vompressor and the cooler
radiator heat pipe. Low pressure hydrogen, e.g. 1 torr, gas could be used as the thermal switch
actuator gas, and this could be stored in a cooled hyaride material for very long-life and Tight-
weight storege.

2.2 10 K Refrigeration

In order to produce temperatures as low as 10 X, the vapor pressure over collected Tiquid
hydrogen fs lowered by mesns of absorbing the hydregen vapor cnto a very low pressure, warm
hydride. With a 1.7 torr partial pressure of hydrogen {corresponding to a hydride temperature of
about 09C), the hydrogen is solidified and sublimes at 10 K (Figure 3). A cryegenic sensor can
be continuous 1y maintained at 10 K by means of providing two dedars of hydirogen. Hhile one s
being Tiquified, the other 1s sublimated. The cryogenfc sensor can be attached to both dewars by
means of a thermal switch, thus being ccnt1nuous]y maintained at 10 K. )

Another design for the 10 K stage involves 1iquefying hydrogen at 20 K by means of a hydride

11qu1fier stage, &nd then expanding the Yiquid directly o a Tow pressure 10 K solid hydrogen

“snow”. Blockage of the J-T valve couid he prevented by means of using a porous copper trep,
wherein sensor heat is readily transmitted to the J-T valve ttself.
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3, Overall Cycle Possibilities
3.1 Multi Stage Sorptton Refrigeration System

In order to produce an entire spacecraft refrigeration system, a number of possibilities
exist in terms of refrigerator steging., Althaugh some spacecraft applications {such as
sun-synchronous polar orbits, geosynchronous orbits, and Interplanetary missfons) adapt
themselves well for very low temperature passive radiator stages in the 80 K to 120 K region,
most low earth orbit applications cannot readily achieve radiator temperatures below about -

150 K. Since this results in relatively high specific power requircments for the hydride system,
a number of alternate coldar upner stage refrigaration systems have been studied.

For one type of system, solar heat could be collected at 425 ¥, and used to power four
sorption stages (Figure 4), while a small amount of electrical power is used for a thermoelectric
cooler (TEC? stage. For the charcoal/methane and charcoal/nitrogen sorption stages, large
quantities of gas are absorbed onto charcoal at low pressure and 225.K. The gas {s then released
at high pressure when the charcoal is heated to 425 K. The process 1s similar to the hydride
system, except that the gases are physically adsorbed onto the surtace of the charcoal, while the
hydrogen is chemically bonded to tge_mefal %ydride powder. The charcoal sorption stages and the
TEC are coofed by a 225 K rediator, a temperature which is readily obtainable for radiators
facing away fram earth, with or without soler light, in low earth orbit. The TEC provides .
cooling tc 175 K, which liquiTicc methane at high pressure (26,5 atm). When the 1iquid methane
is expanded to 1.8 atm, it cools to 120 K. This 120 K stage is then used to liguefy nitrogen at
24.8 atmospheres. When the nitirogen expands to 1.4 atm, it cools to 80 K, which is then staged
to a rare earth, misch metal hydride compressor to reach 18 K for liquid hydrogen, The
refrigerator system then cools to 10 K for the solid hydrogen sublimation stage. -

A sorption system design to obtain one watt of cooling at 10 K requires a total estimated
power of only 600 watts, most of which is supplied directly as solar heat. This 15 therefore the
most efficient 10 K refrigeration system presently possible, primarily because it does not
require the use of a very inefficient heliuam refrigeration cycle. Prior to the hydride
sublimation stage design, it simply had not been possibie to achieve such low hydrogen pressures
for extended periods inm a closed-cycle operation. It should alse be fentioned that the entirve
refrigeration system uses gsbsolutely no wear-related moving parts, othar than extremsly
long-1ife, = room-temperature valves, A1l calculatiens are Dbased on actual empirical
absarption/adsorption data fcr the respective gases.

A charccal/helium sorptyi : refrigeration stage, similar to the methane and nitrogen staoges,
may be possible to obtain tempsratures of about 4K, but preliminary caiculations have shown that
is 1ikely to tske many kilowatts eof charceal sorption heating to produce enough helium flow to
generat2 one watt of Tiauid hellum J-T cooling. A likely alternative to a charcoal/hie}{fum
sorption compressor, however, 15 an oil-free halium diaphragm compressor, &lthough much
development work {s necessary in order to obtain a contamination-free 1ife of ten years. Another
lower stage alternative is to deserd helfum from a saturated 10 K charcoal bed. The heat of
desorption is vrelatively high "compared to the very Tow charcoal specific heat at this
temperature, and substantial coeling can result. - Although temperatures below 4 K have been
obtained with this method [4], much development {s still needed in this arsa alsoc.

3.2 Gifford-McMahon Pre-Cooling

knother extremely efficient maans to achieve first stage cooling for the hydride system {is

to use a Gifford-ticHahon (G-M) refrigeration cycle [5], which is powered by compressed hydrogen
from a hydride system.” In the G-M cycle, gas 15 compressed in-a cylinder to a high pressure and
the heat of compression fs rejected at some temperature, typically rocm temperature. The gas is
then forced through a piston-type cold regemerator that has & low cycle rate and low pressure
drop seals. The gas is then aliovied o expand to a very low pressure while flowing back through
the regenerator and into the low pressure end of the compressor. The isentropic expansfon of the
~gas precools the regenerator for the next cycle.. Although not as efficient &3 some other
refrigeration cycles, one of the big advantages of this system is that the primary friction-
related part 1s a piston seal, which has a low cycle rate and a very low pressure drop across
it. In fact, present Cryogenic Technolo%y Incorporated (CTI) Gifford-McHahon refrigerators have
expansion cooler mesn-time-between- failure (MTEF) Vifetimes in excess of 20,000 hours [6],
Since present CTI expansion ccolers are run at about 72 RPH, If lower speeds or stronger,.
multipl: seals are used, even grcater MIBFs can be expscted. Also, since a 9 kg expander can
provide about 15 watts cof cooling at 70 ¥, multiple expanders could be used and valved off, if
the low pressure drop expansion seal beglns to show signs of degraded life, .
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At present, the major problem with G-H upper stage refrigerators is that oil-Tubricated
compressors are used, Although eTaborate ofl c'leaning systems have been devised, eventually the
oil will freeze out and contaminate the cryogenic portions of the system. This requires periodic
waintenance every 2000 to 5000 hours. With a hydride compressor, however, thare is absolutely no
o1l present, and the entire system can operate free of contamination, essentially feraver,

A sketch of a G-H upper stage expander and a Yower stage adiebatic demagnetization
refrigerator, discussed in the next section, appears in Figure 5. Pre~cooling of the hydrogen
gas at about 70 K can ba accomplished with the G-H expander. The overall specific power, i.e.
power required per coo]inig watt, of this system is relatively good, and in-fact, approaches
approximately 300 for 20 K cooling, and is about 400 for 10 K when combined with a hydrida
1su0 limation cooler. This compares with about 1000 or higher for most other mechanfcal systems at

3,3 Adiabatic Demagneti zation Lower Stage

An adiapatic demagnetization (ADM) stage, which purportadly achieves B80% of carnot.
efficiency [7, 8] can be used to reach temperatures of 4 X or lower. For ADY, a uhesl of
paramagnetic material {s rotated partly {nside an extremely high supercenducting magnetic field.
typically about 7 Tesla. The application of the magnetic field csuses heat to be generated in
the paramagnetic material. This heat can then be removed at soma elevated temperature, e.g. .
10 K. ¥hen the wheel {is rotated away from the 10 K heat sink, 1t rotates out of the high
magnatic field, and its temperature is lowered a tremendous amount, typically to 4 K or below,
The entire cycle can be designad to use no moving parts, other then a slowly rotating wheel and
possibly scmz Tow pressure drep helium circulators to enhance heat transfer fntc and out of the

paramagnetic material.

The 10 K or 14 K hydride stage can be of great adventege for the ADM rafrigerator, since ASM
requires extremely strong super conducting magnets ia order to operate. Since 14 K is just
within the superconducting magnat temperature region, the system may be able to “bootstrep”
1tself from 14 K to lower temperatures by progressively increasing supercenductive magretic fieid
strength with decreasing temperature. :

4. Experimsntal Results
4,1 Charcoal Sorption Refrigeration

Recent work at JPL has confimmed tne use of charccal sorption to produce a contiruous fiow
of high pressure nitregen, By alternately heeting and cooling from camnisters of charcaatl
between 250 K and 400 K, a continuous flow ef 50 atmospheres (750 psi) nitrogen has besn
produced. By flowing the gas through a J-T/keat exchanger assembly, a total cecling power of
approximately 1/2 watt has been generated.-

Alfhough the total averege. power required for this pmof—of—princip!e test was epproximately
200 - watts, much 1lower LM» specific powers are predicted with methane-staged sorption
refrigeration;, as previcusly described and shown in Figure 4. '

4.2 Liguid Hydrogen Refrigeration

. Most of the experimental results regardin'g'liquid hydrogen hydride refrigeraticon life .
testing are ovailsble in {3, 9], and are summarized for convenience bezlow:

In paerticular, a complete heated hydride compressor system has been thus far successfully
tested at ERGEHICS Covporation to 600 hours of continuous operation, and ths JPL cryogenic J-7
system has accumulated over 1,000 hours of successful operatfon between 14 K snd 29 K, without
any evidence of wear. It should be noted that the ERGEMICS compressor that operated for 6000

. hours weighed only about 10 kg and yet delivered a hydrogsn flow which would have bean equivalent
to about 3 watts of coeoling at 25 K if a J-T/heat exchanger locop ware ucad, UWith a Tower cycle
speed, it can be sald that 1t survived at Teast 18000 hours of 1 watt equivalont cooling and yet
stil1l performed close to original :zpecifications. Preliminary third-stage experiments have
confirmad the sublimation of hydregen at 13.8 K, although a reduced pressure drop heat exchangse
system {s required to reach lower temperatures. Furthermore, the only wmoving parts in tae
syste.ahggcmvbemperature check valves, have besen 1ife-tested at JPL to an accelerated 1ife of 500
years .
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Life tests on hydride particle size have confirmed that the hydride particles break down
after repeated cycling, but the average particle size reaches a final spherical equivalent
dianeter of about 1 micron after about 5000 cycles. Although some binary hydride alloys, such as
Lalis, have shown a significant loss of capacity when subjected to many cycles at elevated
temperatures [11], small additions of aluminum to rare earth, nickel-type alloys make the alioy
greatly resistant to disproportienation. [12]. ERGENICS Corporation has estimated effective
hydride disproportionaticn as approximately 1% per year, based on aluminized misch-metal hydride
alloys. For expansion cooling, dJoule-Themson (J-T) valves have long proven their imherent
relfability, as -evidenced by well over one million hours of accumulated life for the JPL Deep
Space Network Maser recefvers [13]1. Although simple decontzmination thaws are reconmended every
six to twalve menths for the JPL maser fixed-orfice, J-T valves, it is Tikely that no thaws would
ever e needed for the new JPL design of -non-clouging, - spring-lcadad, J-T valves [3].
Furthermorz, the hydride system has absolutely no oil-contaminated vapors, as are present on the
JPL  mechanical refrigeration Maser. compressers and . thus overall contamination can be
substantially reduced if proper initial decontamination steps are tzken, :

4,3 Solid Hydrogen Sublimation

) There has been considerable work dore on solid hydrogen sublimation by Lockheed Corporation

- {14]). Although hydrogen solidifies at about 14 K and 1 psi pressure, its temperature has been
readily lowsred to as low as 7 K by means of evacuating the vapor space ezbove the hydrogen,
thereby causing it to sublimate directly from the solid phase to the gaseous phase. Since the
transition heat from gas to liquid is very high (150 BTU/Ibin) and the solid latent heat is
retatively low (25 BTU/Yba), the amount of cooling enargy required to go from liquid to soiid is
quiteh1o:,_although the heat of sublimation, which ic appreximately 190 '+ 25 = 215 BTU/1bm, 1s
very high, -

. - That {is to say, once liquid hydrogen has been made, it takes very little extra power to

produce solid hydrogen.. This in fact, has been confirmed by analysis using a speciaiized JFPL
sorption computer program [15], using LaNis to proguce 1liquid hydrogen ard a low pressure
hydride to further reduce the vapor pressure, and thus its temperature.

5. Summary and Conclusions

Recent work at JPL has shown the possibiiity of achieving extremely long-life (10 yeaés or
greater), efficient, &nd relatively simple refrigeration systems for obtaining 10 K temperatures
and below. The various possible stages are described below: .

1. The first stages of refrigeration can be obtained by either passive radiaticn (80 K te
120 K for high orbits or interplanetary missions), charcoal/methenz sorption. (120 K)
combined with charcoal/nitrogen sorpticn (80 K}, or by a Gifford-McHMshon refrigeration
syvstem (40 K minimum) powered by a hydride compressor. ‘ _

2. .The néxt'stage‘of'refrigeretion to 20 K can be accowplished by a sténdard hydride J4/7
.. compressor system, such as the compressor unit recently life tested for 6000 hours [3].

3. The ten Kelvin temperature stage is obtained by low pressure hydride sublimation

evacuation of the vapor space above hydrogen to 1.7 torr pressure. This cam be

- geecomplished by batch processing the 1iquid hydrogen and then reducing the hydrogen

pressure by absorption onto the hydride or by direct expansion of liquid hydrogen
through a J/T valve to preduce soiid hydrogen “snow®,

4. Temperatures of 4 X or below may possibly be obtained by adiabatic demagnetizatica
: refrigeration, helium desorption, or by an oil-less diaphragm helium compressor.

AT of the sorpticn refrigeraticn stages have life expectancies of at least tem years, since
- their only moving parts are room-temperature valves that have been 1ife tested to an accelerated
equivalent 1ife of 500 years. Although present CTl Gifford-McMahon expanders have a guaraateed
life expectancy of 20,000 hours, their extremely Yight weight allows for multiple unit redundancy
and/or stronger seals and lower cycle frequency to achieve 10 year life (88,000 hours)., 1t is
quite 1ikely that Tonger life seal materials can be made, since the G- expander seal sees only a
very low pressure drop wifch 15 at low temperatures. Present G-M refrigerators are life-iimited
primarily due to oil-contamination from mechanical compressors, a problem which is totally absent
with hydride compresser systems. L
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The overall specific power efficiency to reach 10 K by sorption staging is estimated to be
about 600 watts per cooling watt at 10 X, while the specific power with G-M staging is about 400
watts per cooling watt. Most of the power for both systems is in the form of Jow temperature
heat, such as 425 K solar heat or RTG waste heat. This compares with values generally greater
than 1000 for every other known 10 K helium cycle refrigeration system.

When compared with all other closed-cycle spacecraft mechanical refrigeration systems,
sorptien refrigeration, and in particular the 10 K hydrogen sublimation hydride sorption system,
appears to be the simplest, most efficient, lightest and least interfering (vibrations and
magnetics) and to have the jongest potential life of any other existing system.

O
The help of Dr. Dave Elliott of JPL is gratefully appreciated for his suggestion of
combining a Gifford McMahor expander as a first stage to a hydride Joule-Thomsor hydrogen
lquefier system, and the help of Dr. Steven Bard, also of JPL, is appreciated for the design and
testing of the charcoal/nitrogen sorption refrigeration system. Furthermore, the original idea
of hydrogen sublimation to obtain 10 K cooling is acknowledged and appreciated from Cr. Al
Johnson of Aercspace Corporation.

The research described in this paper was carried out by the Jet Propulsion
Laboratory/California Institute of Technolegy under a contract with the National Aercnautics and
Space Administration. :
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CLASSIFICATION 6F CRYOCOOLERS

G. Walker

General Pneumatics Corporation
Western Research Center
7662 East Gray Rd.
Scottsdale, Arizona 8525l

A great diversilty of methods and mechanisms have been de-
vised to effect cryogenic refrigeration.

This paper reviews some of the basic paramete?s and consid-
erations affecting the selectlion of a particular system. )

A classification scheme for mechanical e¢ryocoolers 1s pre- .
sented. An important distinguishing feature 1s the incorporation
or not of a regenerative heat exchanger, of valves, and of the
method for achieving a pressure variaticn.

Key words: Cryocoolers; mechénical refrigerators, regenerative
heat exchanger.
1. Introduction
A cryocooler is a refrigerating system capable of achieving temperatures in

the cryogenic range, generally reckoned to be less than 120K. The word cryogenle
is derived from the Greek "icy cold”.

Cryocoolers are often rated by their available refrigeration capacity .+
measured in watts. To be meaningful however i1t 1s necessary to specify not orily
the refrigeration capacity but also the temperature at which the refrigeration is
available. A cryccooler having a capacity of 1 watt at 4K (liquid helium temper-
ature) is very much different to the cryocooler having a capacity of 1 watt at

80K (liguid nitrogen temperature).

" Another imboftant'paraméﬁer is the power input or work required to achieve
refrigeration.

COP = Refrigeration Capacity/Power'Input or Heat Lifted/Work Done

The ideal coefficiéent of performance is the Garnot value:

CoP (C = -
0P (Carnoct) TE/(TC TE)

where’ T = minimum cycle temperature (usually the refrigeration temperature)
TC = maximum cycle temperature (generally the atmosphere tempersture)

The ratio of the actual coeffliclient of performance to the Carnot coefficient
of performance is sometimes cal.ed the efficiency. It is a useful measure’of the
way an actual machine measures up to the thermodynamic ideal machine. Thus:

Efficiency = Actual COP/Carnot COP .
= Refrig Cap/Power Input X (Tc - TE)/TE

The efficiency of presently available cryocoolefs ranges from 2 minimum of less
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than 1 percent to a maximum of near 50 percent. Strobridge (197&) presented
"experience” charts for 1&0 different cryocoolers with the above effilciency varia-
tions. .

The small machines used for electronic applications have the lowest efficlen-
ciles. This 1s because nearly all the refrigeration generated is consumed in
cooling, and maintaining cold, the ‘low temperature region of the machine itself,
The surplus or useful refrigeration available from these units is very small; only’
fractions of a watt are required. - Applications requiring a larger useful refrig- °
eration load use systems bigger in size and tending to be more efficlent. The
highest efficiencies are found in large machines used for liquefiers and range
from 20 to 50 percent of the Carnoct value. .

Other significant parameters for cryocoolers include the total mass and volume
of the system and the mass and volume of the cold region. This latter 1is of
particular importance in infra red (I-R) missile guidance or night vision systems
with cooled detectors and associated optical/electronic systems mounted in awivel-
ling gimbals. A low mass and volume 1s necessary to facilitate a fast response
with low inerita.

Cooldown time, the period necessary for the machine to achleve stable opera-
tion at the design condition following startup 1is important in some applications
of miniature systems, usuilly weapons related. The combination of a quick cool-
down and a slow warmup is a particularly challenging requirement involving mutually
opposed high and low. 'thermal masses'. Cooldown 1s sometimes accelerated by
operating at a high pressure or speed on startup and later switching to the normal .
operating mode.

Mechanical vibration and electro-magnetic emissions in the cold reglon are
often important characteristics of c¢ryocoolersa. Some applications require the
total elimination of any mechanical or electro-maghetic noise. This 1s best ap-
proached by

a) physical ﬁeparation of the cold region and the compressor unlt where Large'
power input and heat transfers take place

b) elimination of moving parts in the cold region

¢) the use of plastic, ceramic or other non—magnctic parts in the cold
‘reglon.

Operating life 13 another important characteristic often quoted as the mean
time befcre failure (m.t.b.f.) or the mean time before maintenance (m.t.p.m.
This 15 generally taken to mean the average time of operation before fallure (or
maintenance) of a number of identical cryocoolers operating under similar condi-
tions. Reliable data for m.t.b.f. and m.t.b.m. based on the accumulated experience
of users is very hard to come by. There appears to be no properly organized
system for data collection, reduction, rationalization and distribution. Operating life is
affected to a large extent by the nature of the system used: Moving parts, s}iding seals,
bearings, piston rings, etc. wear and generate detritus with deleterious effects on valves, and
smal} passages. Sometimes questions of lubricated versus unlubricated parts 1nvolve the balancing
~ in increased wear against the possibilities of contamination of lubricant. Reliabil can often
. be improved by incorporating excess capacity so that ope:ation is intermittent or by t e provision
of redundant systems. )

The shelf 1ife of a cryocooler 1s frequently 1mportant This 1s the intervas
a unit may be required to maintain the capability for operation while standing un-
used or in occasional intermittent use. Many systems involve mechanieal unilts
conts ining high pressure helium and equipped with a variety of sealed flanges,
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shaft seals, screwed fittings etc. Hermetic sealing by seal welding is the best
approach to ensure a long shelf life but this of course 13 not possible for a mech-
anical unit with dynamic seals. -

In split systems where the cold region is separated from the power input unit
the rature of the leads connectling the two elements is important. Some systems
have flexible leads, others are inflexible. Sometimes they are cold, sometimes at
amblent temperature, sometimes a single lead with a2 cyclic fluctuating pressure,
sometimes twin leads with a high pressure feed line and a low pressure return.

All these affect the insulation required, the forces and bending moments imposed on
glmballed units, the transmission of mechanical, vibration, thermal conduction and
pressure attenuation or phasing effects.

Cost, of course, is always important, more so in some cases than others.
Separate consideration of capital cost and operating cost including scheduled main-
tenance and unscheduled maintenance or replacement is necessary. Sometimes the
-lack of opportunity or posslbility for maintenznce (space systems) justify increase
in the capital cost by the provision of redundant systems or the use of a large,
‘1ightly loaded, slow running unit,

The power supplled to drive the cryocooler 1s eventually degraded to heat and
must be rejected from the system. Thus the cooling system to carry the waste heat
is an important feature of the cryocooler. Liquid cooling is more efficacious
than alr or gas cooling because of high heat transfer coefficients and heat
capacities achieved with 1iquids. Air cooling 1is attractive on grounds of simpli-~
city to almost everyone concerned except those actually responsible for the cooling
system. Freguently miniature machines are air cooled but are then located in a
pod along with other heat emittling power equipment so the environmental temperature
1s 1lncreased. This complicates the cooling problem. The range of environmental
temperature over which the equipment is required to operate ranges from -40°C
to as much as 60°C. This in itseif presents problems which are compounded in many
cases by the further requirement that the refrigeration temperature is a precise
value having a tolerance as slight as + or ~.0,1°C.

System cooling and heat rejection presents special problems in space applica="
tions. All the heat must ultimately be rejected by radistion. The well-known
equation; .

Q = EasT’

wherse radiatlion heat flux -
surface emissivity | ...
area of emitter o
Stefan - Boltzman constant
temperature ol emltter

HWn>EOo
nu R uh

clearly dictafes a high temperature. However the coefficient of performance
equations .

COP = Tg/(T, - Tg)
dictate the lowest possible marximum cycle temperature, TC’ (corresponding to T in
the above radilation equation). :

Continuing with the speclal requirements for aerospace cryocoolers important
characterlistl¢s are the abllity to withstand the high acceleration and vibration
spectrum of a rocket launch, the ability to operate in any orientation and in a
zero or low gravity regimen. Reliability and long-life assume an importance not
found elsewhere.

2. Classification of cryocoolers

There are many mllitary, civil, medicai, and séientific applications for
cryocecolers in electronic, space, and defense-related systems. These needs, wlth
the multifarous and diverse requirements enumerated above, have, over the past 40
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years, attracted the attention of ingenious and resourceful engineers and scien-
tists. . The result 18 an enormous literature and a wide range of different systems
and solutions. Walker (1983) has recently summarized the situation and provided
an extensive bibliography and a guided introduction to the field.

The ultimate refrigerator has not yet been invented. This would produce what-
ever refrigeration was required at the appropriate temperature, would be compact,
lightweight and run forever with nc maintenance on a pennyworth of kerosene with-
out vibration, noise, or smell. All practical machines are essentlal compromises
of conflicting requirements with particular features emphasized as specified by
the client for their application.

The classification chart shown in Figure 1 represents one attempt to clarify
a confusing situation. The chart 1s limited to mechanical cryocoolers producing
ciyogenlic refrigeration by compression and expansion of gases including liquefac-
tion of gases at low temperature. It does not include any of the solid state
refrigerators or those customarily confined to temperatures below 3K.

2.1 Regenerative heat exchanger

With the above sweeping limitation in mind the first question to ask when
confronted with an unknown cryocooler is:

"Does it have a regenerative heat exchanger".

All types of heat exchangers may be broadly classifled .into regencrative or
recuperative heat exchangers. Recuperative exchangers are equlpped with separate
flow passages [or the two or more fluids involved. The passages are usually con-
tained in.conduits with solid walls and the fluids flow continuously. Most heat
exchangers are the recuperative type. Regenerative exchangers contain a porous
matrix of finely divided material, granules, balls, wlres, etc. The fluids flow
through the matrix in cyclie succession so the cold blow follows the hot blow,

. ete. The matrlx acts as a thermodynamic sponge alternately releasing heat to the
" cold fluid and receiving heat from the hot fluid. .

The unknown cryoccoler will almost invariably 1nclude one or more recuperative
heat exchangers but 1f there 1s no regenerative exchanger it will belong to the
group of cryoccolers shown in the upper right-hand box of Figure 1. Claude,
Linde-Hampson, Joule-Thomson or Joule-Brayton. These are the names of the origina-
tors of the thermodynamic cycles on which these various systems work. They all
operate with compression of the working fluld at high temperature, expansion at
low temperature, and incorporate counter flow, recuperative heat exchangers.
Expansion engines are included in the Claude and Joule-Brayton systems. -

2.2 Valves

If the specimen cryocooler does include a regenerative exchanger the next
question is:

"Does it have any valves to regulate the flow of the working fluld".

If the unit does include valves as well as a regenerator 1t will be an
Ericsson engine of the type shown in the mid-~left box, Solvay, Postle and Gifford~
MeMahon. The distinction between Solvay and Postle machines 18 that the Solvay
unit. includes a work-producing low temperature expansion machine. The Postle
unit operates with a displacer only. Gifford and McMahon lnvented the machines
carrying their names in the late 1950's but both thelr inventlons were actually
reinventions of the Postle and Solvay engines of the previous century.

2.3 Compressor
If the specimen cryocooler contains a regenerative heat exchanger but no
valves the next step 1in classificatlion is the type of device used to achieve a

pressure varlation.
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Stirling engines incorpcrate a Mechanical compressor 30 the total enclo;éd
volume .of the working space varies cyclically usually as the result of the
. motion of a piston in a cylinder.

In Vullleumier engines there is no pisitcn tut simply a displacer moving work-
ing fluid from a hot space to a cold space and vice versa. The machine 1s said
to have a thermal compressor and is sometimes called a thermocompressor. The
" variation in temperature at constant volume causes a change in pressures (high
when the fluid is in the hot space, low when it is in the cold space). The change
in pressure 1s utilized in a separate but connected cylinder also containing a’
displager to achieve refrigeration. The machine was devised by Rudolph Vuilleumier
in 1916.

There are innumerable variations of ‘Stirling engines some of which are set — .
out in Figure 1. They involve dlsplacer-piston and two piston versions and multi-
ple piston arrangements and variations.

Vuilleumier engines are also found in a range of variations broadly classified
as split systems or integral systems. In both the Stirling and Vuillleumier units
a split system has the cold expansion space located in a separate cylinder remote
from the hot compression cylinder and coupled to it by a single small~bore lead

up to 2 m long.
3.. Conclusion

Multiple applications for cryogenic cooling systems have resulted in the

development of many different cryocoolers with different characteristics and attri-.
butes.

Some of the important requlrements and the different types of unit are briefly
reviewed,
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AN EXPERIMENTAL STUDY FOR A MINIATURE
STIRLING REFRIGERATOR
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In this paper, experimental results of a miniature two-stage
Stirling cryocooler are introduced. The influence of filling gas
pressure and refrigeration temperature or the refrigerating capacity
along with the relationship between parameters has been measured. The
valley pressure corresponding to the lowest refrigeration temperature
and the cooldown timsz versus operating pressure have been discussed.
The coefficient of performance and thermodynamic efficiency of the
cryacoaier have been calculated based on experimental data.

Key words: Cryocoolér; cryogenics for infra-red detectors; miniature
Stirling refrigerators; refrigeration.

1. Introduction

In recent years, we have studied the thermodynamic characteristics of both types 3Ly-03/194
which is a smalt single stage refrigerater [1] and A3040 Stirling cycle refrigerator which is 2
miniature two-stage refrigerator. Measurements have been made ¢f refrigeration temperature,
operation pressure, cocling capacity, cooldown time along with the relationship between them. In
addition, the influence of surrounding conditions and contemination of the regenerator on the
performance of the refrigerator is alsoc considered. In the following, the experimental study on-
.the miniature two-stage Stirling refrigerator will be discussed..

2. Structural Featurés of the Cryocooler

This miniature two-stage Stirling refrigerator was built in Beijing University in 1972. Its
-major specifications are listed in Table 1. The device was designed for refrigerating infra-red
detectors requiring a refrigeration temperature of about 25-30 K [2]. Most components of the-
refrigerator are made of stainless steel. The cylinder and displacer define two low temperature
expansion spaces. There are two co-axially located regenerators in the displacer., Stacks of
stainless steel screen are used as regenerative packing material. A copper shield is installed on
the first cold head and there are several layers of Al-coated Hylar ovtside the shield to reduce
radiation loss. During the experiment the insulation space is about 5 x 10 " mmMg dyramic vacuum.
The second stage cold head and the cylinder made of oxygen-free copper, are connected together for
better thermal stability. The machine was operated at 1400 rpm. -Helium gas is used for working
medium. The compressive heat of helium gas is carried away by cooling water,
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Table 1;

(exclude the motor).

Major specifications of !

735040 Refrigerator

Component Unit . ‘“”Vaiue
Compressor-cylinder 3

diameter/stroke/volume mm/mm/ cm 60/15/42.4
Primary cylinder 3

diameter/stroke/volume mm/mm/cm” 23.9/13/3.53
Secondary cylinder 'A3

diameter/stroke/volume mm/mm/ cm 15/13/2.3
Length/diameter of the

primary regenerator /o - 40/19
Length/diameter of the

secondary regenerator mm/Tm 26/14.3
Structdre angle. g - ' degree 60
Volumetric phaéé angle ¢ degree 67
Pressure phase argie 8 degree . 38
Pressure parameter & _ dimensionless 0.45
TPressure ratic o dimensionless 2.67
Filling gas pressure bar 6.5
1st and 2nd stage

temperature T /T, K/K 95/30
1st end 2nd stage regenerators .

‘packing material mesh 250/300
1st and 2nd theoretica® ) .

refrigerating-capacity Qm/Qe . watts/watts 39.4/25.7
Height of the refrigerator o ‘

- Kg 17

For refrigeration power measurement, 6 m of 0.2 mm constantan wire is coiled on the copper

cylinder of the secondary cold head.
temperature. Powar is supplied by an adjustadble D.C. supply.

Temperature is measured at three points: T is measured with a Hi-Cr-Au-Fe thermoccuple at - 7%

The electric resistance of the wire is about 50 ohm at room
The heating power is less than 12

the secondary cold head, while T and T_ are meaSured with Cu-constantan thermocouples at the hot
ends of the secondary and the perary cﬁlinder, respectively, {see Fig. 1).
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Figure 1. - Arrangement for temperatuyre measurement.

~Type UJ-Z6 electric potential meters (with a pfecision of 0.1 V) and PZ26b direct digital voltage
sohmeters are used in measuring. Good thermal contact of the thermometer with cold head is provided.

3. Experimentél Resuits

The relationship of the lowest refrigeration temperature, cooldown time and filling gas
pressure have been measused. The experiment was made under bad conditiops, e. g. the outdoor
temperature was about 35°C. The Bemperature of the cooling water was 30°°C, and the room
temperature was not lower thar 30°C. ’

3.1 The Lowest Refrigeration Temderature

Under a condition of no hest load, a minimum is found in the Towest refrigeration temperature
as a function of filling pressure. The relzationship between them is shown in figure 2. The
refrigeration temperature will increase when the pressure is either higher or lower than the
optimum pressure (in the measurement on 3LV-08/194 refrigerator, two optimum pressures have been
observed {1]).

3.2 (Cooldown Time

The time required for the temperaturas Tm and T_ of first and second stage coild heads to
decrease from room tempercture to the lowest équi1ib$ium temperature ynder a given operating
pressure is called the cooldown time. Figure 3 shows these temperature-time curves under a
filling gas pressure of 7.5 bar. It seams thav the cooldown time of the machire on the order of
15 minutes is somewhat longer than that of a novsal one under normal opperating pressuve. Probably
this is because of the larger heat capacity of the secondarv ¢old head and the copper block of the
2nd cylinder. The cooling curve takes a similar shape with that of reference [3]. As filling gss
pressure increases the unloaded cooldown time is shorioned {see Fig. 4). When the filling gas
pressure decreases from 7.5 bar to 3.5 bar, the cooldown time aimost doubles (from 15 minutes te
34 minutes).
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Figure 3. Cooldown curve of miniature two-stage Stirling refrigerator.
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Experimental re;ults show that the cooling curves of T_ and Tn are similar to each other.
The temperature of the hot end of the 1st cylinder quickly Feached™a steady state. At the initial
stage, the decreasing rate of T_ is greater than that of T_. Then two cooling curves of T_and ¥

intersect each other. At last, o and Te curves almost reSch their equilibrium temperatur@ ¢
simultaneously. .

3.3 Cooling Capacity

The refrigeration temperature T_ varies approximately linearly with cocling capacity Q_ when
the filling pressure is under 9 bar fsee Fig. 5). At a given refrigeration temperature T , the
cooling capacity Q_ increases ai the pressure increases., The critical heating power undef which
the machine is at the full-loaded state is about 3.5 - 10 ¥ when filling gas pressures are 6.5 bar
and 7.5 bar (see Fig. 5). khile the heating power is increased continvally temparatures of the
ist and 2nd stage are reversed, i.e., T_<T_. Since only & few watts and a temperature just below
40 K are required for practical applica@ioﬁs. the caoling capacity required cannot be
supercritical. Figure 5 also shows that the variation extent of T_ versus ccoling capacity is mot
great. Hhile the 2nd stage cooling capacity is increased from zerd to the critical value, the
. corresponding difference of the Ist stage temperature is approximately 10 X.

P,bar

t,min

Figure 4. Filling gas pressure versus caoldosn time.
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Figure 5. Cooling capacity versus refrigerationItemperature.
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3.4 'Therﬁodynamic Efficiency

Coefficient of performance ¢ and thermodynamic efficiency n, ere defined as follows

€ = Qg (n
T-T :
= o :
% = t:/:»:‘i € ~T-..§. (2)
. e .
_«heré G = actual cooling capacity, H
N~ = actual input power, W
e; = coefficient of performance for Carnot cycle
T0 = ambient temperature, K

~ According to thermodynamic principle, the input power increases while the temperature T of
the expansion space decreases due to the reduction in heat displacement of unit working medifim.
Thus both of the coefficient of performance and thermodynamic efficiency will be reduced. Figure
6 shows results calculated from experimental dsta.

Figure 6 shows an cptimize-region for the cycle efficiency of the refrigerator correlated to
the thenmodynamic efficiency of the Carnot cycle, i.e. the efficiency of the machine is highest
when operating at correspondiég temperatures in this regicn. However, the coefficient, e, which’
depends only upon the temperature ratio, increases almost linearly with the refrigeration
temperature. OGin the other hand, it is also learned from studying the effect of dead expansion
space S, on and ¢, that a temperature increase and & reduction in efficiency n, take place as.
S inc?gases hile ¢ continues to increase. In fact, this shows that it is unreaSonable to
eegluaté cycle efficiency at different refrigeration temperature by using e only.

al !
128
6t
B3 120 =
~-5r »®
& =
4+ 115
5 -
118
2t
105
t =
0 il 3 i i 0
Je. 40 5 46 0.

To, K. -

Figure 6. Variaticn of coef?ibient s-and thermodynamic efficiency
Ne with refrigeration temperature T .
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Figure 7 shows power and weight character1st1cs of Stirling refr1gerators f4]. cCalculated
data of our experimental machine are also plotted in the figure (plotted by "*" and numbered 03).

From figure 7 it can be seen that specific we1ght and specific power of our cryocoo]er are in the
middle of the wide band.

4, Discussion

Using experimental data of temperatures and refrigeration- powers measured, the different cold
losses of the refrigerator are evaluated according to reference [5]. Calculated net ¢ooling

capacities are essentially consistent with measured ones. Now the discussion will be made in the
following two preblems.

4.1 An Optimum Pressure in Figure 2,
A number of experiments on two refrigerators proved that the working pressure has a strong

effect on rurrigeration temperature and that there is an optimum pressure on pressure versus
refrigeration temnerature dlagram (Fig. 2). "It could be explained as follows.
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Hajor cold Yosses of a refrigerator include shuttlie Toss, pumping Yoss, heat conduction loss
of the displacer and the cylinder wall, and regenerator inefficiency loss, etc. There are over 30
parameters in all equations which are applied to calculate cold losses. Host of those parameters
are structure ones, and only one fourth of those are physical parameters of working medium and
cperation parameters. Under our operating condition of the machine, the specific heat and therme)
conductivity of the working medium undergoes a small change when the pressure changes. The
shuttle loss and heat conduction Toss are mainly functions of the temperature gradient in the axis
direction, but independent of working pressure {6]. The operating temperatyre of this machine is
far away from the critical temperature of the working medium He, so that the enthalpy flow loss
caused by the nonideal property of the working as is negligible. Thus the major cold losses which
have apparent relations with the pressure are the following three terms:

Pumping loss.
’ 2(’: Dc)o‘6Lcy(Pm’Pmm)1060p1°6(TW-T6)52.6

(3)

Spu = 6 1.6(2 275y 1.6
1.SZR1O Kg1°6 T¢i ) .
2

& A (Ppgz—Pgin) *°

Friction heat”1oss”ip regenerator .
(Pmax*ymin)Bvcm53fLr

Qef =

& B (Ppax*Ppin)’

Heat(]dad due to limiting value of film coefficient in regenerator

e (Prax*Pmir,) Vo
’ = (17 YCp(2rFe) : ‘
On = (1=7 20p{TerTe 2RT 2 - L (5),

& C (PuaxtPmin)

~The total pressure dependent loss is

Q = B(PpagPoin) " B(PoaxtPin)>* C(Ppax*Puin) - (6)

Experimental results and theo;étical,ca1cu1ations show [5-7] that these terms account for a
major portion of the total loss {over 60% norinally) and affect cooling capacity or temperature
significantly. ’ ’

On the other hand the theoretical cooling capacity is proportional to the average operating
pressure P = J/Pmax . Pmin to the first approximation, i.e., it is a linear function of the
pressure. But it 1s known from eq. (6) that the changing rate of the cold loss Q. increases with
the pressure. Therefore, if the changing rate of the cold loss versus pressure i§ Tower than that
of theoretical cooling capacity, the net cooling capacity would have increased with pressure, i.e.
the limiting refrigeration temperature of the machine could have decreased with pressure. On the
contrary, the net cooling capacity should decrease while the pressure increases, i.e. the limiting
refrigeration temperature will increase with the pressure. So there must exist an optimum
pressure for the refrigerator. Reference [7) discussed the influence of the working pressure of
refrigerators on the cocling capacity. As for the case when a possible Tow refrigeration
temperature is required in small power consumption refrigeration, the machine has better operation
near the optimum pressure. The advantage of low pressure operatfon is particularly apparent when -
the increment in pressure causes a rapid increase in regeperative heat loss.
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Incidentally, if the working medium is H, instead of He, the corresponding highest pressure
Pmax reaches the critical pressure of H, when"filling .gas pressure is greater than 4.5 bar, The
lowest refrigeration temperature of the refrigerator cannot be lower than the critical temperazture
(33 K) of H, even though the pressure is increased continuvusly. Mean while the enthalpy flow
loss reacheg a considerable large value due to non-idea) property of the working medium.

4.2 Comment

Most of the structure parameters and operation conditions of the refrigerator, such as the
gas distribution proportion in the 1st and 2nd stage cold chambers (20% and 80%, respectively) and
the relative volume of dead spaces of the 1st and 2nd stage cold chambers corresponding to the -
largest displacement volume etc. are approaching normal values of practical refrigerators. . But
why is the refr1gerat1on temperature still higher? First, the length and construction of the
secondary regenerator is imperfect, e.g. the dead space of the regenerator is less than 1.5 times
the largest volume of the cold space (normal values are 1.5 - 3.5 times). Second, the copper
cyVinder connected with the cold head of 2nd stage is so close to the st stage cold head (about
15 mm) that temperature distribution is unreasonable. The temperature difference AT = T Te
relatively small. Thirdly, the specific heat of the stainless steel packing material in the’
secondary regenerator will rapidly decrease and working medium He will increase, when the
temperature is further reduced. This phenomenon leads to “thermal saturation" in a regenerator
and reduces its efficiency. Besides, the experimental conditions were rather difficult, the
temperature of the cooling water wh1ch was put into the compressor was _too high, and therefore the
hot end temperature of the primary regenerator was even higher than 40%. Therefore, the L ws
structure of the 2nd stage regenerator has to be improved and the packing mater1a1 has to be El
changed as well, . .

e
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PARAMETRIC TESTING OF A
LINEARLY DRIVEN STIRLING CRYOGENIC REFRIGERATOR

/.
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PHILIPS LARORATORIES
A Division of North American Philips Corporation
Briarcliff Hanor, Mew York 10510

This parzr describes the parametric testing of a novel Stirling "eycle
cryogenic refrigerator which incorporates electro-magnetic bearings,
clearance (i.e., non-contacting) seals and electronically controlled
linear motion. The last feature, which involves the use of two linear motors,
position transcducers ard a highly accurate electromic €feedback network,
produces the system capability which forms the basis for the tests. The test
regsults provide designers with an understanding of the basic operation of the
Stirling cycle and give potentisl .users some indication of the capabllities
of this refrigerator under off design conditions. '

Rey Words: Contrel system performance; cryogenic; linear wmotors; maqneiic
bearings; refrigerator; Stirling cycle; test results.

1. Introduction

Philips Laboratories designed, fabricated, and tested a unique Stirling refrigerator which can
operate for many years without the need for periocdic maintenance and without perfermance
degradation, and which 1is therefore cospatible with apacsborne applications. This was
“accogplished by suspending the internal moving parts of the refrigerator electro-ragnetically, to
eliminate contact and the associated wear. The electro-magnetic suspensicn was furthar enhznced
by the use of a direct (linear) drive and by clearance (rather than contacting) seals.

- The testing of- the refrigerator went through four phases: - subezssenbly tests of the major’
components in dedicated test fixtures, performance tests at the design point (5 W at 653°K),
parametric tests of the performance sensitivity to changes "in various operating parametera and a
.life test. The first two phosces of testing were discussed extensively at a previous conference
(1);° the third is the subject of this paper. The life test is currently in progress, with over
11,000 hours of malntenance-free and degradation-free operation attained to date. The life tegt
will be discussed briefly at the end- of this paper.

Since the purpose of a cryogenic refrigerator is to produce cold at very low temperatures
with high efficiency, its performance criteria cen be readily defined. Input power, cold
production (output power). and operating temperature are obviously very important characteristics.
The magnitude of these guantities (e.g., the input required to produce a certain amount of cold)
depends on the refrigerator geometry (e.g., the size of the compcnents) and oa the operating
parameters, Therefore, a measure of any crycgenic refrigerator's capabilities is the way in which
the performance criteria - input power, cold production and temperature - vary with the varioua
geometric and operestional parametecs. ’ .

To asgess its operational capabilities, a parametric study was performed on the refrigerator
systemn at this stage of its development. Specifically, the study was meant to:

* Esteblish the optimum operating conditions required to produce the
‘nominal cooling {5 W at 65°K) level.
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*  Provide potential users with i{nformation on how the refrigerator performs
under off-design conditilons.

* Measure tha tolerances of the various predicted design quantities as a step
toward initistion of the next design,

The parameters of interest are elther characteristic variables of the basic refrigeration
cycle or those which will determine the capabilities of the refrigerator for potential users.
These parametric tests are considered the first logical step in the degign of the next generation
of this refrigerator, a design which has alrocady been initiated.

2, The Cycle

- The Stirling cycle is based on the linear, reciprocating motion of two elementa: the piston
and the displacer. The reduction to practice, that is, the mechanization of the piston and
displacer motions, has proven to be a difficult task. Three epproaches deserve mention: crank
drives, free-displacer drives and linearly driven piston and displacer drives.

. A crank drive, which coﬁverts rotary to reciprocating motion is a complex ﬁech@nism{ It. has
a crankshaft, connecting rods (drive linkages) and numerous bearings and pressure seals.

Tha free-displacer drive, which makes use of the gas compressed by the piston to reciprocate
- the displacer, requires careful attention to the mass of the displacer and to the magnitude of the
gas flow; it also requires adjustment of variouvs parameters once the refzigeratot is built.

) The linearly driven piston and displaoer concept, incorporated into the refrigerator design
presented in this paper, is an elegant approach to the mechanization of the Stirling cycle, even
though its realization requires the constructica cof two special~purpose linear motors and an
electronic poaition contrel system.

Although its mechanization is difficult, such designs are chosen because the Stirling cycle
is inherently thermodynamically efficlient and is very attractive for appllcations requizzno
temperatures in the 8°K - 100°K (-450°F ~ -280°F) range.

In the refrigerator design presented in this paper, the reciprocatica of the piston and
displacer is sinveoidal, with tke displacer position leading that of the piston by about 70°. The
p-v {pressure vs., volume} diagram for an ideal (isothermal) cycle is shown in figure 1b, the
approximate position of the piston and displacer at thae trancitions being noted in figure ja. The
variations in the volume of the expansion space (Vg) &anG the volume of the compresgion space
- {Ve} due to the motions of the piston and displacer are shown in figure le, ’

For the ideal cycle, the cold production Q (Watts) is given by,

Q uw}paﬁﬂ4-wxy% A3 8in $gp (1)
where, W . = operating freguency {rad/sec)
. p =  pressgure (N/m”)
® = amplitude of displacer (m)
Yy = gsmplitude of piston (m)
Py = mean pressure in refriguratni (H/ﬁ )
Ag = gurface area of displacer (r°)
éar = phage angle between piston and displacer pcsitions )

Similarly, the mechanical power vhich must bé provided to the cycle (Watts) is,
w=m_;{pdvc~-wxypmnpain¢d, {2)
where, BAp = surface area of piston (mz).

Por the jdeal Stirling cycle, the thermodynamic’ efficiency is,

(3)
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whera, Te = temperature of expansion space (cold finger) (°K)
Te = temperature compression space {(ambient heat exchanger} (°K)

which equala that of the Carnot qycle, meaning that the ideal Stirling. cycle is ccmpletglyA
reversible,

The actual efficlency of the refrigerator is less than the ldeal because losses in the cycle
cause the input power to increase and the cold production to decrease. FPactors which directly
effect the input power include mechanical less (friction) in the drive, flow loases, and adiabatic
losses (i.e., where the proceas differs from the igothermal ideal}. Factors which reduce the cold
production include flow, insulation and conduction losses,. as wz2ll as losees due to the non-idexl
nature of the regenerator and heat exchanger. The regenerator, often called the heart of a.
Stirling refrigerator, stores thermal energy in one half cycle to release it in the other half and
thereby increase efficiency. In an ideal regenerator (perfect heat transfer), .a temperature
gradient is estsblished along the regenerator in the direction of flow, which sllows the gas to be
cooled down and heated reversibly. Also, the pressure drop across an ideal regenerator is zero.
In an ideal heat exchanger, the temperature of the gas is constent, exactly egual to the
temperature of the heat exchanger walls, regardless of the amount of heat in the gas, All real
regenerators and heat exchangers differ fram the ideal to some extent. . B T

) Prom the above discuagsion, it can be seen that the displacer amplitude (x), piston
amplitude (y), operating frequency (w), mean préssure (Pp), &nd piston/displacer phase ({dégy)
&re important parameters .which characterize the operation of a Stirling refrigerator.

3. Description of the Refrigerator

The useful life of & conventional Stirling refrigerator is limited by two major factore:
waar end outgassing. Wear is present in most mechanicel devices which have woving perts.
Bearings and pressure seals wear out; mochanical xubbing and the associated friction generate
potentially harmful particles. The othex problem is the outgassing preoducts (impurities}) of
organic materiale in the refrigerator working spaces such as lubricents and seals. These
impurities are “gettered® (attracted) by the lcw temperature regions.in the machine and eventually
clog cxitical passeges. Since hoth surface wear and the presence of impurities result in thermal
degradation, the simplest and perhaps the only road to longevity is to eliminate both.

~ The Philips refrigerator was designed to produce 5 Watts of refrigerntion at 65°R for 5 years
or longer (2). Pour major features of the unit led to the long life attained: a purely
rectilinear drive (with 1linear motors and with an clectronic axial~contrel eystem),
electro-magnetic bearings, clearance seals, and an all metsl/ceramic working-gas envelopa. Tha.
synergistic combipation of these four features has completely elifminated wear and impurities, .

) A cross sectional view of the rectilinear drive and 6f the linear motors is shown in figu:e
2. The ¢rive produces the required linear piston and displacer wotions directly, i.e., without
the use of a ‘crankshaft or linkages. The motors are of the moving-magret type, which have tha

PIBTON RON MOTOR COLS
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| h_ 7
s w AL
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MAGWETS
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Pigure.2, Cross-sectional view of rectilinear drive
showing displacer and pistcn motors.
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advantage that no flexing power leads are required. The directly coupled drive eliminates the
mechanical drive losses - associated with conventional refrigeration devices. Direct chﬁplfng
requires an axial control system tc maintain the proper picton and displacer amplitudes and the
phase relationship dictated by the Stirling cycle. The capabilities and versatility of this
control are important -aspects of this novel relegerator design and form the gystem basis which-
makes the type of testing, described in this paper, poasible. The control system is discussed in
more detail in section 5. . e

The electro-magnetic bearings consist of a set of electromagnetic actuators, radial ‘position
sensors and an electronic control system. The actuators are small clectromagnets, consisting of a
coll of wire and iron pole pieces. The radial position sensors are eddy-current type, indicating
the redial pcsition by the amount of change in eddy current loss thet a radial position change
preduces in a pick off coil. The radial displacement of the shaft is detected by the sensor which
signals the control system to adjust the current in the actuators, thereby suspending and
maintaining the. reciprocating shaft in the center of its bore. - This method permits both the
piston and displacer in the refrigerator to be supported without contact and without any bearing
friction losses. .

The clecarance seals are long, narrow, annular passages around the piston and the displacer.
Pressure sealing is attained by the Ilow restriction these passages provide to the oscillating
working gas. This method of sealing requires that the piston and displacer reciprocate in close
proximity to the adjoining walls. Thies is made possible by the highly accurate operation of. the
electro-magnetic bearinga. : ' :

) Since the electro-magnetic suspension, linear drive, and pressure sealing are accomplished -

without mechanical contact, it was posaible to fabricate the working space envelope “6f the-
refrigerator (i.e., those internal areas in coatact with the working gag) from metal and ceramic
only. There are, as a result, no organic compounds of any kind exposed to the working gas. The
organic materials required in the construction, such as the insulation of the motor wire or
various potting compounds are herretically sealed in thin-walled envelopes.

A protograph and & crcss section of the refrigerator are shown im £igure 3. The expander
subassembly which houses the displacer is at the left;. cold i8 produced at the far left tip (cold
finger). The refrigerator is a single-stage expansion Stirling design (i.c., only one crycgenic
temperature, €5°K, i8 produced) and thus has a single Jdismeter for the displacer bore. The
compresscr subassembly (in the center of the photograph and right side of cross section) houses -
the piston and associated parts. The refricerator has a passive counterbalance, & spring-pass.
systen which significantly reduces the axial vibration of the unit. It is shown at the far right .
of the photcgraph and dlscussed in reference 1. ' ’ '

The moving displacer containg the regenerator, @& moving-magnet linear motor, and a-
non-contacting elezent for the axial position transducer. .The regenerater is febricated froa a
phosphor bronze wire mesh vhich has a high thermel cabacity and vhich remains relatively porous to
the reciprocating flow of the helium gas with “which the refrigerator is charged, Th2
elegtro-magaestic bearings 'which support the displacer (along with the radial position ‘sensors)
also form the clearance seals, forcing the cas through the regenerator and through the ambient
heat exchanger. The heat exchanger is maintained at ambient temperature by a water jacket; its
surface aleo permits the attachment of a heat pipe ingtead of the 3Jacket. A vaguum 'Bewa;
{partially shoun in the croes section and ebsent in the photograph) lined with super 1nsula ion
(multi-leyers of foil and mesh) thermally isolates the cold- finger.

The piston in the compressor subassembly is coupled to its moving-magnet linear motor and to
a non-contacting element for its axial position transducer. The electro-mzgnetic bearing near the
compreeslon space forms a clearance seal to the compression pressure; the bearing at the tear of
the piston is used for support but. forms no 8eal. All electriccl connections are hermetic, using
- nickel and ceramic feedthroughs, ' : - T

) In the following section, the general procedure for the paramstric tests is discussed. Each

test involved varying one operating parameter and noting its effect on refrigerator performance
(change in the output variables). Section 5 describes the sxial control system to provide somn
understanding of how the parameters can be varied during operation. Vinally, section 6, presents
test results. It should be noted that all plots and data presented in these sections and section
7 (life testing) represent actual measurements taken on the refrigerator,
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Pigure 3. Photograph end cross sectiocn of refrigerator.
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4. Overview of the Paranmetric Testing

The “parameters of interest are either characteristic variables of the Stirling cycle (Bgs. 1
and 2) or thoze which will determine the capabilities of the refrigorator for potential users.
Parameters which fall into the first category are piston and displacer amplitudes, operating
frequency, 1san pressure, and piston/displacer phase. Tests which fall into the second category
are output temperature versus cold production and variations in heat-rejection temperature. Por
simplicity, only ons parameter was varied in each teast while the othars were held.constant. The
effect of the ore parameter on the output variables can then be easily cobserved. The values at
which the other parameters were held constant differ between tests and were chosen go that " the
parameter which was varied could have a wide excursicu., Given this limited scope of the testing,
some care nust be exercised in the interpretation of results. Even though “optimal* performance
was sometimes achieved with only one variable changing, it f8-P#ssible that a better operating
condition exnigts., .[The cperating paremsters are not independent in goneral and the selection of
the operating conditions for perfommznce. other than the nominal 5 W at 65°K often involves
adjusting several paramsters, This aleo means that if two parameters are varied, the net result =
on rerformance may not be the sum of the results of varying each one independently.

A.schematic representation of the refrigerator test setup is shown in figure 4. Three pieces
of laboratory equipment are required for normal operation: two water coolers and a vacuum
static:., The water cooler for the ambient heat exchanger removes the heat of compression
(thermodynam:c cycle) and the ohmic loss of the displacer motor. The water cooler for the piston
housing removes only the ohmic loss from the piston motor, (Since this motor 1s 70t efficient,
the power losaz is small.) The vacurm station produces the thermally insulating vacuum in the
Dewar, The. refrigerator was instrumented with transducers to measure temperature, pressure,
radial and axial positicn, coolant flow, and case acceleration (3). -

The approach for each test followed a sinilar procedure. The temperature of the cold tip was
first reduced to the nominal 65°K with no heat load applied. This required supporting the piston
and displacar with their electro-magnetic bearings, engaging the safety interlock system, and
reciprocating the piston and the displacer. The nominal peak displacements for the piston arnd
displacer are 7 mm and 3 mm, respectively, with a nominal phase relationship of 67° (1,17 rad}.

Once the desired cold temperature (65°K) was reached, a resistive heater (load) on the cold
ti, was turned on, & given parameter was varied end its effect on the other system parameters was
‘measured. The signals measured were elther slow-varying dc (e.g., cold temperature) or priwmarily
single~-frequency ac {at the operating frequency) with a large amount of neige and higher harmeonics
(c.g., piston motor current). To- meagure che former, a dc voltmeter was eumployed, and the
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Pigure 4. Schematic representuation of refrigerator under test.
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measured quantity was considered ctable when no notable cheange was obacrvsd for about 5 min, The
latter was measwnad with instrumsnts employing ons of three standard signal processing techniquea:
heterodyning with tho input reference oscillator used for locking, rms averaging of spactra
obtained from a Past Fourier Transform routine, or time averaging of signals obtained fran &
high-scpeed data acquisition system. In this papor, db is defined as 20 log {(quantity), the normal
mode for the equipment employed. HMeasured dzta points 2re noted; curves ara computer-genzrated
using either a linear or polynomial leagt-squares routine.

S. Axial Control System

As an aid to understanding how parameters can bhe varied during refrigerator use, the
operation and accuracy of the axial control system will be discussed next, R block diegrsm of the
control gystem is shown in figure 5. The piston emplitwde, displacer emplitude, frequency, and
piston/displacer phase angle are et with dc voltagea vhich are edjusted at ths control pancl.
The frequency and phase control electronica employ local feedback loops to maintain the accuraey
of the reference signals for the displacer and pistos closed leop positicn servosechanfams in
spite of cowponent drifts. The reference signals are emplitu@e-controlled sirusoids with less
than 0.1% harmonic distortion. The refercnce signel to the piston lags the signal to the
diasplecer, producing the desired piston/displacer phase aengle. The two closed loop position
servomachanises then control the motions of the piston and dieplecor with a high degree of
accuracy and low harmonic content, :

Although the closed~loop position servomechanfxms for the pinton and displacar look similar
in figure 5, they are considersbly different because of the extreme dissimilerities  in the
frequency reeponse of their sotor and system dynmmics, The displacer, as the meesured dynamics of
figure 6 indicates, is nez2rly a pure inertial load. (The additional rolloff which begins at 200
Hz 38 fram filtering the axial position gensor). Principally, the force produced by ths motor
gerves only to accelerate and Gecelerate the mass. Since the motion is. sinusoidal, with the
displacer returning to its axial center position after each half cycle, there {3 no net
dispimcement and no work is done. The mechanical output power is reactive (power factor of 0),
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Pigurc 5. Block diagres of axial control system.
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and therefore, the electrical anut power to the motor is only the o!m.lc ‘loss dissipated m having
to produce the required force, Ignoring the inductive reactance, therefore,

Pa = Ta® Ra = &' x? Ra/Rg? (4
where Pg = average electrical ‘input power to digplacer motor (W)
Ig = current in displacaer motor (A)
Rg = motor armature resistance (1)
Kd -

motor force constant (N/A) (i.e., Porce = RgX4)

" The piston, on the other hand, is decigned to reconate on the gas spring of campression (the
effective "apring® of ges boimg compressed in e closed cylinder) which leads to highly efficient
electrczechanical operation. 1Its motor and system dynamica, 28 chown in the measured éynamics in
figure 6, has a spring-macs resonance characteristic (along with the position sensor filtering).
The reactive incrtial force is balanced by the reactive gas spring forca, snd the motor only
producea a real (as opposed to resctive) force term which supplies the roguired mechanical input:
power to the thermodynamics (power factor of 1}, The electrical input powor to this motor can
thus bo separated into two terms: one resulting froo supplyiny the real mechanical input power to -
the thermodynamics {Eguation 2 sbove) and one relating to the balanced reactive inertial power aed
gags opring power, PFor normal operation, ¢he piston is in reconance and the net reactive powar is
zero; however, for the psremetric tests discussed here, the pisten does comz out of resonance
slightly. ' :
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Pigqure 6. frequency responses - displacer and
plston motor ant! system dynamics.

The dynezmics of & gas spring are different frem those of & moechanical spring in two important
respecto. FPirst, the damping in a gas epring is generally higher than in a mechanical spring.
Thue, power is dissipated at resonance which must be supplied by the linear motor, and the quality
factor (Q) of the gystem is low. Second, because of flow losses and leakage past the compression
seal, the stiffness of the ges spring is a function of frequency and is slightly nonlinear (i.e.,
it hac some higher harmonic components). These disadvantages of the gas spring are cutwaighed by
the advantage of having a spring for resonance with no- mechanical contact, xw danger of fatigua
failure and no possibility of fract_\.v‘e. :
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The harmonic operation of the diaplacer axial control systaa ic ifllustrated in figure 7a.
The system epplies current to produce ths displacecment st ths operating frequency (26 Hez) shown in
the figure. Powar at higher harmonics of the operating frequency is also applied to reduce the
“harwonic content of the dieplacement. The wmmount of rojection of these higher freguencies is
deternined by the gain of the control eystem., As discussed in Reference 2, the bandwidth of the
displacer contrel system is 105 Hz, which implles that there ic scrta control gyctems geln at the
third harmonic (about 78 Hz). Hote in the figure that the second harmonic is 31 48 below the
fundanental,

S8imilarly, the harmonic operation of the piston axial control system is fllustrated in figure
7b. Tha control gystem bandwidth is 65 Hz, which implies that there is no control system gain and
thus no rejection of ths third harmonic (the third harmonic content of the displecersnt is small,
hovever, because of dynemic cheracteristic of the gas epring). It should be noted that the piston
aperates gt its rescnant point with high accuracy (small errer in tha control loop) bacause of the
high open-loop gain at that frogusncy (cee Ref. 2). '
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Pigure 7. Prequency apactrum - dieplacer and piston displacement.

. The low harmonic content of thé‘digplaccmentﬂ in the figure reans thet the assuﬁption of
- ginusoidal volums voriations discussaed above is valid. FPor the most part, the variations in input
and ocutput powor for differont operstional parameters are therefore approximated well by Eguationa
1 and 2.

6. Parametric Test Rasults

6.1 Heat Load

The variations of output (cold} temperature and of electrical input power to the motors with
changes in the load power (ie. the power in the resistive heater mounted on the cold £inger) axe
shown in figure 8. The parameter values that were held constant for this test and for dll thoss
that follow are listed in appendix A. As expacted, es the applied load power increases, eo does
the cold tcmperature. It ghould also be reelized that “no applied load® 1s not the sams as gero
power output since there are always paragitic loads on the cold finger. Even with the resistive
hanter off, heat is belng radiated fram the innecr surface of the vacuum Dewar which encloges the

- cold finger and is being conducted down the wiree which connect the tasperature sensors and the
resistive heating element, as well as down the body of the cold finger itself. These parasitic
loadp account for the non-linearity of the temperature line at low applied power.

The electrical input power to the linear motors drops aa the applied load power incresses,
This can be explained by referring to Equation 3 above (n = To/{Tgc - Tel) and by examining
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several loases. The thermodynamic efficiency of the refrigerator increases as the texperature of
the cold finger (Ty) increases. Thus, although the applied load on the cold finger {s higher,
the refrigerator can cool this load using laesg electrical input powar bacause of the increaged
efficiency of tho cycle. (Tha overall measured efficiency — applied load power/electrical input
power to the platon and dleplacer motors -- is shown versue applied load power in figure 2.) Also,
the radiation and confuction losmes docrease as the temperature of the cold finger increascs
(eince there is less of a temperature difference between the oold finger and ambient). Finally,
the flow loooes decrease because the gas density decreases with ths increase in average
temperature of the refrigerator {flow friction for turbulent flow is a functicn of density). 'This
last effect ie very cmall, :
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It rhould be noted that the operating parametexs of tho refrigerztor (strokes, frequency,
phage, ctec.) were not varied for this test. It is possible to producz the off-design cold outputs
‘L.e,, other than 5 W at 65°R) with less electrical input power than given in figura 8 by
optimizing thece parancters eppropriately. Such nulti-parameter tests werc beyond the scops of
this paper. It should alco be noted that this test and the heat rejection temperature tegt which:
follows ere the only ones in which the cold temperature was allowed to very. Ia all others, the
apolied lozd from -  the rxesistive heating element was adjusted to mpintain a constant 65°K
tesperature on the cold fLinger.

6.2 Operating Prequency

Pigure 10 shows the variation of applied load power {cold production) and electrical input
pover to tho motors with chenges: in the operating frequency. Saveral effects contribute to the
shape of these curves. Plret, it can be geen fram Equetions ! ard 2 that both the ideal cold.
production and tha ideal mechanical input power to the Stirling cycle vary linesrly with operating
frequency (since both are proportional to tha number of times that the p~v curve is travorsed per
unit time). Becondly, many losses such as thoss due to flow end to imperfoct regenesation are
functions of gas velecity and therefore of operating frequency. Soxe losses, such as taat caused
by the fluid friction of the flowing gas or that resulting from the temperature ozoillation of
local sections of the regensrator package over a cycle (since the transfer rate betwean the gas
and the regenerator is f£inite), increasa with increasing freguency. Others, auch as the clearance
seal leakage dacrease with {increaaing freguancy, Finally, as dizcuesed, the nature of the
dicplacer and piston motor and system dyneamics means that the magnitude and phase of the input
powar for each are functions of the operating frequency,
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Por the small range of frequencies considered, the motor and ayatem dynemics produce by far
the most significant effect., The diap}acer motor input power increases as the fourth power of the
operating frequency, as noted in Equation 4 and the piston poser has a resonant mase-~spring
characteristic (with scme nonlinear effects produced by the gas spring). The sun of these two
effects determine the shape of input power variastions noted in figure 10. The variation of piston
and displacer motor force with operating frequency is shown in figure 11, The d&isplacer motor
force varies approximetely as the square of the operating frequency as would be true of the purely
inertial opystem, and the piston motor force exhibits the spring-vass characteristic (minimun force
at resonance}. From this, it is alco appsrent that the system dynamics dominate the response and
any change in the losses is not significant.
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Again, some caution should be exercised in interpreting this data. - Since this is a test in
which only one parameter is varied, conclusions can not be drawn about what is the best frequency
at which to operate the refrigerator. Both the mean charge proessure and the piston/displacer
phaze affect the resonant frequency of the gas spring to some degree, The “optimum®™ operating
frequency must take all such effects into account, C

6.3 Piston/Displocer Phase .

Pigure 12 shows the variations of applied load powar anrd electrical input power to the pisteon
and displacer motcrs as a function of the piston/displacer phase, Por the ideal cycle, the load
pover and electrical input power should vary as the sine of the phase (see Egs. 1 and.2).  This is
the approximate shape of the curves in figure 72. The piston/displecer phage also influences flow
loases and the piston gas spring resonance to a lesser degrec, Thege effects are nore easily
observed in the variations in the piston and displacer motor force shown in figure 13, The
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displacer motor force chows the effects of the flow losces; the piston force shows the change in
rosonancs. Proam the figere, it should be noted that ths variationa in forco azo less than + 109,

6.8 Dizplaccr Amplitude

The variatiorns of applied’ load power (cold production) and electrical input powsr to the
plston and displacor motors with displace# amplitude arc ghovn in Pigurce 14. For thes ideal cycle,
the applied loed power is proportional to dieplacer emplitede (Eg. 1). Several lossss, however,
are functions of displacor wmplitude; the moat nctable i3 one associated with the regonerator,
roferred to aa shuttle less. As the dlisplacer moves, tha rogenerator passes over diffewent
portions of the 'wusing. As a regult, there is a mismatch between the temperature gredieat along
the housing wall and tho temwperature gradient along the rogenerator, and the miceatch increases
for increacing szplitudes of oscillation. This mismatch results in heat tromsfer botween the
digplacer and the housing walls and thus a loos. ) )

Another important effect in this test anrd in tha> one which follows relates to tha variation
in refrigerator daad wvoluze. The designation 'dead volume' i{s given to those regions in the
working apace of the refrigerator which do not change in volume 2a the displecer and piston move
{i.e., do not participate in the thermodynamic cycle (FPig. 15)). Dzad volume includecs ths heat

- exchanger space, comiecting pasaages, and the unfilled space in %ha regenerator. Relevant to this
test, dead volume also includes those regions in the expansion and compreassion gpace vhich are not
swept by the pesk amplitude of tha displacer motion. )
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A discuscion of G284 voluze is given in Appondiz B of Referonce 2. For this papor, soveral
co=mente will suffice.- In ganeral, dezd volwumo .reduces the cold production of a refrigerator.
Often, it also rcfuces the required wmochanical input powar &5 that the rofrigerator efficiency
remoing roughly congtant., The magnitude of the effect of a given region of dead volume on the
cold production or wachanical imput powor dopends on the absolute tasperature of that region. The
coldsr the region, the greater ths effect.

The clectrical input powar to tha piston motor versus displacer emplitude is chown in figure
16. Bince the dinplacer smplitude has little effoct upon the gan spring resonanca, the electrical
input powsr to tho piston moter io only that which ia required to Go the thermciynamic work. For
the ideal cycle (BEq. 2), the mschanical input pover required by the tharmodynemics ic proportionsl
to dicplacor amplitude, The piston must aleo supply the work roguired to overcoms the shuttle
less. Purther, from the above discussions ebout doed volumae, the machanical irput powver should
eleo be inversely proportional to tho displacer arplitude (i.e., tha mechanical input powcer
required from the piston chould decreasc ac the dicplacer amplitude incrozaes bocsuse the dead
volunz decreages ond this effoct is indepandent of Bg. 2). 1In figure 16, the electrical input
power to the plston mntor varies approzimately as the cguare of displacer amplituda,
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_.displacer smplitude.

Congider now the electrical input powar to the displacer motor versus dioplacer emplituds in
figqure 16. Since the displacer is an inertial load, the electrical input powar is expected to
vary &g the square of the displacer amplitude (Bq. 4}, as observed., Figure 17 which shows the
variation of displacer moteor force with displecer smplitude, also veries ‘linearly, as expected for
an inertial load.

6.5 Piston Amplitude

The change in applicd loed power and in electrical input powsr to the pigton and displacor
motore with piston amplitude i3 shown in figure 18. Por tha idcal cycle (Egs. 1 and 2}, the
applicd load power and electrical input power are proportional to pleton amplitufe, This
characteristic was indeed observed. Flow losses and the effects of dead volume both change with
plston amplitude tending to cancel, The flow laessec incrasmss with increasing amplitude becauce
the peak oscillating pressure and volumetric flow rate irncrease as more volums is displaced by the
pioston, The dead volume decreases by the amount above the piston in the compressicn space as the
piston ampiitude increases (Fig. 15 above). hs ciscussed, this dead volume effect iz minimized
becausa the volume- iz at the temperaturs of the ambient hsat exchanger (warm).
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An elegant characteristic for potential - users of this rofrigerator is illustrated by the
linoarity shoun in Pigure 18, If, for any reason, it is desirable to hold the cold temperature
constant as ths locd vsries, then piston amplitude provides a very effective means. A control
system can ba designs@ to measure cold temperatura and adjust pigton amplitede to hold the
temperature constant (loaving all other opersting parsmstors - displacsr streoke, frequency, phase,
etc, - fixed). Sinca the characterictic in Pigure 18 ia linear over a wide range, such & control
systenm would be trivial to construct,

Pigurc 19 chows the variations in the force preduced by the piston and displacer motors with
pioton amplitude. It is cpparent fram the linear nature of the pisten force curve that ths pisten
emplitude minimally affects the resonance of tho gas spring.
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6.6 Moan Pressure

A pressurized bottle of holiws was connected to the refrigerator via s prescure regulator ard
pressure gaugse. Por the following test, the mean pressure in the refrigerator was varied by
adjusting the pressure regulator, while all other operational poramoters were held constant
(Appandix A), Tho mean pressure was measured with the pressure gauge, and sufficlent time was
allowed for tha pressure in the refrigerator to stabilize for each measurement date point. The
variations of applied loed power and electrical input power to the picton and displacer motors
with maan pressure arc shown in figure 20, Por the idsal cycle (!iqa. 1 and 2), those variations
are expacted to ba proportional to mean pressure and, for this small change in pressure (% *08),
this vas obgerved. . )

Plow logses and regenerator losses are functions of pressure, Flow losscs increesz with
pressure (density) beczuse the flow is turbulent, This offect is small es shoun by ths smell
change in displacer motor forca with mean pressure in figure 21. The regenerator becomess lead
efficient as ths heat capacity of the gas increases with preasure (density) but thic effect ia
"also emall for tho small range of pressure varfetions used in the tect and the relatively high
cocld temperature of this refrigesrator (on an abgolute scale). The mean charge pressure also’
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determines the resonance of the gas spring and thus affectc the elactrical input power to ths
piston motor. The required motor force changes linearly with the mean pressure, again esking the
affect cmall for this range of variations tested

6.7 " Haat Bzchanger Temperature

As discussed in Bection 4 above, the temperature of the ambient heat exchanger is contrelled
with a closed-cycle water ccoler. The water is circulated through a water jacket vhich surrounts
the heat exchanger and returned to the reservoir of the cooler. The cooler hac heating and
refrigeration copabilitiesa; the temperature of the water in the reservoir is determincd by the
set point of the thermostat on the water ccoler. FPFor the following test, the. set point of the
vater cocler thermostat was varied, and ell other operational parameters were held constant.  The
temperaturs of thoe vater at the inlet of the water jacket was mesagured with a thin-film detector
(TFD). Binca tha heat exchanger is not perfect, the temperature of the gas in the heat e=nchanger
was considerably higher than the temperature of the vwater at the inlet. The gas temperature was
not msagured directly; however, it has been estimated to be about 15°C higher than the
temperature of the water. '

The variations in cold temperature and electrical input power to the piston and displacer
motors with heat exchanger temperature are shown in figure 22. The cold tcemperature is
proportional to the heat exchanger temperature, with a 3°K [3°C] change in heat exchanger
temparature producing an approiimate 1K change in cold temperature.
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Pigure 22. Cold temperature and electrical input
power to motors vs, heat exchanger temperature.

The small change in electrical input power to the piston and dlaplacer motors for changeg in
heat exchaenger temperature is8 to be expected since there is only a negligible change in the
efficiency of the refrigerator. Considering the ideal efficiency (Eg. 3), althcugh the numerator
incresgaes because the cold temperature (Tp) dincremses, the denominstor (7¢ - Tel alzo’
incresses because of the difference between the cold temperature and heat exchanger temperature
increases. There 1s also some net cancellation in the logses, Insulation losses and conduction
losaes bstwaen the room embient and the cold finger (such as along the electrical leads to the
temperature aensor and to the resistive heating elemant) decrease because the temperature of the
cold finger increases. At the same time, conduction logses between the cold finger and the heat
exchanger (i,e., along regenerator and cold finger housing} increase because the tewperature
difference increases, Also, there is a amall decrease in flow losses because the ga. density
decresses os the average temperature of the refrigerstor increases {the flow is turbulent, i:akir'g
the loss a function of denslty).
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7. Life Testing

On August 30, 1984, the refrigerator exceeded 11,000 hours of operation at the noainal
operating point of 65°K with a cold production of 5 Watts and continues to operate without
problems. During this time, the refrigerator was stopped and restarted over 300 times. The cold
temperature (along with several other operational parameters) is being measured with a digital
data acquisition system. [Mzagurements are taken every 30 minutes using a sampling frequency of 1
kBz. The samples eare averaged over 2 seconds to reduce noige. As of this date, no temperature
degradation has been observed to the accuracy of the silicon diode sensors (0.1°K). With the
constant cold production, ths coid temperature 1s also measured to be stable within + 0. 2°K (i.e.,
tempe'ature fluctuations including noise induced by the silicon dicde thervometer are also about
0.1°K). During this period, theo refriqeratot has never hid to be disassembled for maintenance or
inspection.

The electro-magnetic bearings along with their radial position sensors are left on
continually even if the refrigerator is not operating or is undergoing tests. As of August 30,
1984, the bearings have logged over 21,000 hours of operation,

A small helium leak (approximately 1 psi per day) due to a manufacturing error has developed
in one of the housing flanges. A technique to weld the .flanges shut, which. is proposed for the
final version of the refrigerator and which was successfully demonstrated in a test fixture, was .
not used in this tefrigerator. The helium loss is presently being compensated from a helium
bottle.

The electronics which control and drive the refrigerator use only commercial perts (instead
of space qualified parts) and no redundancy was attempted. Twice during the life test, a
commercial electronic part failed. 1In botn cases, the safety interlock system responded correctly
and safely shut down the machine, The feiled part was repleced and the life test continued. The
final vergion of this refrigerator for actual spaceborne deployment will use space qualified,
radundant electronics. \

8. Conclusions

A novel feature of this refrigerator, namely full electronic control of the retion of itg
moving parts, was utilized to characterize its capabilities under parametric changes. The
characterization is useful both for designers of the next generation of the refrigerator and for
potential users. Designers have both an indication of the accuracy of their “optimal® design
point end a determination of the tolerance of the design point te changes in operationsl
parameters. Potential users have an indication of the operation of the refrigerator under
off~design conditions which will broaden the range of potential applications, '

Some care must be taken in the interpretation of results. In each test only one parameter
was varied and its effect was mecsured. The data shows the quantitative influesnce of the
paramcter on the operation of the refrigerator. In general, however, the effect of each paramster
is not independent, and thus the combination of two test results will not show the combined effect
of varying the two parameters, This also means that more "optimal® off-design operating points
than those ghowm in this paper generally exist. Thege cff-design points are achieved by varying
more than one paramcter, depending on the operatirg point decired.

. ‘In spite of the limited scope of this work, the versatility of this refrigerator must be

appreciated both as a tool for understanding the Stirling cycle and as & general instrument for a
wide variety of cryogenic applications. The capability of having parameters electronically
controlled and able to be changed in operation, which made this study possible, sets this design
apart from refrigerators built in the past.

This work was supported by the NASA Goddard Space Flight Center (Contract No. NABS-25172).

97



Agggndix A

The follawing table liste the values for the refrigerator operating parameters which wefé

-held constant during each test. As mentioned above, these values were chosen s0 that the
parameter which was varied could have the largest possible excursion. ’ :

{1}

[2}

~
(9]
~—

Tesats
6.1 6.2.° 6.3 6.4 6.5 6.6 6.7
Disp. Pist. Mean Rej,
. Parameters Load Freq. Phase Ampl. Ampl. Pres. Temp.
Cold Temperature (’K) ’ var 65 65 65 65 65  var
Load Power (W) var var var var var var 5
Operating Prequency (Hz) 25 var 25 25.5 25.5 25 25,5
Piston/Displ Phase {(°) 67 67 var 67 67 67 66
‘Piston Amplitude (mm) 7.3 7.1 7.3 7.0 var . 7.2 7.5
Displacer Amplitude (mm) 3.0 3.0 3.0 var 3.0 2.0 3.0
Mean Pressure (psig) ' 220 241 220 253 245 var 248
Ambient Heat Exchanger - .
Inlet Temperature (°C) ©10.9 9.3 10.9 10.6 10.7 10.0 var
Piston Case wWater Jjacket : .
Inlet Temperature (-°C) 20.3 17 19.1 16 16 15 16
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DESIGH OF A FLIGHT QUALIFIED
LOHG-LIFE CRYOCODLER

L. Knox, P. Patt, R. Maresca

. Philips Laboratories
A Dwision of North Amarican Philips Corporation
Briarcliff Hanor, RY 10510

This paper  describes a. second generation Stirling cycle cryogenic
refrigerator with a linear drive, magnetic bearfngs,  and clearance.seals;
designed. to produce 5 watts of cooling at 65 Kelvin and to meet Space Shuttle
mission requirements, The first generation refrigerator (Engineering Hodel}
wet a1l performance specifications, and has operated with no failure for over
12,630 heours. 1t was not, however, intended to meet launch requirements.
Heeting those requirements necessitated improvements in the electromagnetic
bearings, the radial position sensors, 2nd in the structural design of the
moving elements. As in the first generatien refrigerator, organic
contamination has been eliminated by the use of 311 metal and ceranic
construction. Reductions in system input power have also beszn atteined by an
integral magnetic spring/motor Tor the displacer and by wore efficient linear
motors and drive electronics. At the design point, the refrigerator consumes
140 watts, delivered by the systen electronics.

] Ferrite varieble reluctance position sensors reduce the temperature’
drift of the magnetic bearing system. Additicnal bearing improvemenis are
realized through increases in gas film demping, ac/dc force capadbilities, and
structural resonant frequencies. All clearance seal surfaces are specially
trezted to eliminate potential damage due tos contact during launch end system
fatlures. Transmitted \nbratmn, are minimized by a six- degree-of«freedm
spring mount, :

The work summarized in the paper is being supportsd by t'r.e NASA-Goddard
Spece F}igh* Center. (Cmtract N.m:wr RAS5-266E5)

Key werds: Ctearanco sea! cryogenics; ferrite sensors; gas film danpmg, ;
Taunch vibrations; Hr\ear notor- magnetic bear\ngs- magnetic spring; Stiriing
cycle. . .

1. Introduction

A long-1ife refrigerator capable of providing 5 watts of cooling at 65 Kelvin has been
successfully designed, fabricated, and tested by Philips Laboratories.[l] Long life was achieved
by eliminating wear and working gas contamination. Wear was prevented by use of magnetic bearings
and clearance seals., The working gas volume is hermeticaliy sealed from ali organic materials
used in the consiruction which prevents degradation due to cutgassing. The details of this
refr1g°rat0r are described in earlier papers; parasetric and life test resuits are presented in a
ccc'pamon paper{2].

A refrigerator of this type.is expected to be part of 2 coamplete satellite structure which
will be launched into space on the Space Shuttle. . However, the ability to survive Jaunch
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vibrations was not considered in the first generation ‘proof of concept' design. Analysis of the
expected launch vibratfons indicated that the first generation magnetic suspension system could
not be modified to accommodate those produced by the shuttle. The second generation design
considers these vibrations and is capable of suspending all moving elements during launch ang
normal operation.

This paper describes the vibration analyses performed and the design revisions which were
made to accommodate the vibratfons. Several cooler component {mprovements are also described in
this paper. . -

2. System description

The second generation refrigerator, the Flight Prototype described here, 1s a single stage,
moving regenerator Stirling refrigerator, The piston and displacer/regenerator are linearly
raciprocated within a cylindrical housing and radially supported with active magnotic bearings. A
brief overview of system constructfon and operation is- presented in this section. A detailed
description of the theory cf operation of this cooler is available in earlier reports.

. The cooler 1s comprised of a compressor and an expander section (ffg. 1). The expander’
section contains the moving displacer/regenarator and the cold and warm side heat exchangers. The
compressor section contains the compressor piston, piston linear motor and gas buffer volume. The
piston and displacer are supported by the magnetic bearings, three of which also form clearance
scals. Two seals direct the gas flow in the expender section during the cycle; the third seals
the compression volume above the piston.

Gas at the cold end expands (i.e. cools) as the piston retracts and increases the. total gas
working volume, The expanding gas cools the aluminum slit cold end heat exchanger. The heat load
is cooled by a thermally conductive cabie (not shown) attached to the cold end heat exchanger.
The cable minimizes the transmitted mechanical vibrations. The heat exchanger is stationary and
supported with a long thin walled tube, or cold finger. In the next phase of the cycle, the
displacer moves toward the cold end. The clearance seal forces the gas through the regenerator
where it is warmed. As thz pisten mrves toward the cold end, the heat of compression s rejected
" through another slit heat exchanger in the expander sectien housing. Fiaally, the displacer moves
toward the compressor end cooling the gas as it flows through the regenerator thus completing the
cycle, These discrete motions sre approximated by continuous sinuysoids, where a phase angle-
describes the relative timing between the displecer and compressor mstion.

The piston (compressor) is reciprocated with & moving wmagnet linear motor, similar to that
used in the Engineering Model. The current to the motor, and therefore the pistan motion, is
controlled with a lou freguency, high efficiency pulse-width-modulated current driver system. The
displacer is reciprocated with a novel integrated magnetic spring/iinear motor. The phasing is
controlled via the system electronics. The displacer spring/motor and the pulse-widih-modulated
piston nntor drive system is described in more detail in a latter section of this paper.

Primary design parameters (such as pisten arnd displacer disseter, strokes, frequency, and
radial clearance to the stationary.walls) were determined by considering the overall systam
dynamics. Trade-of fs result &mong system dynanics, thermodynamic losses (primarily conduction),
and difficulty of construction (such as clearance seal machining tolerances). The Philips
Stirling cycle model was used to develop an optima] design meeting all the design criteria.

Since launch conditions are the primary new considerations in this second generation design,
a description of the various vibration anaiyses is provided in the next section. Other compenent
level improvements such as new reluctance radial position sensors with excellent temperature
stability, and 2n integrally formed aluminum/titanium cold end heat exchanger are described
following the vibration section, Finally, primary systes design pareneters and predicted
performance levels are presented in the last section.

3. " Vibraticn considerations

The fagineering Model refrigerator demonstrated the concept of using magnetic bearings and
linear drive methods to obtain long-life pperation. The Prototype refrigerator described in this
paper will demonstraie these concepts in ectual space-qualified herdware. As psart of this effore,
the refrigerator dynamics were modeiled to determine the effect of launch vtbrations and the
design was tailored to achieve an acceptable system resgonse.
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3.1 Refrigerator dynaznics

The contiguous surfaces in the clearance seals are the area most susceptible to vibrational
damage. If the ultra-cleen titanium surfaces of the clearante seals come in contact, potentially
catastrophic failure in the form of galling is possible. Magnetic bearings accurately center the
shafts within the bores thus maintaining the non-contact operation of the clearance seals. The
vibration analyses are focused on determining the bearing performance required to maintain
non-contact support during Yaunch. The launch vibrations are described by three independent spec~
ifications; random, ucoustic, and quasf-static. The analyses for each of these excitations
follow. : :

The bearing performance requirements can be determined from the solid-body vibration ampii-
tudes of the refrigerator. For this purpose, simple first and second order models are sufficient.
forces are transmitted to the refrigerator throuch the {solation mount (fig. 2) and by acoustic
coupling directly to the housing., The vibration amplitudes are calculated asswning a lumped
spring-mass system model (fig. 3). : :

ISOLATION MOUNT

* Figure 2, Réfriéera{or isolation spring mount design

The random vibration specificatfon is a power spectral deansity (PSD) function describing the
random vibrations of ths shuttle mount surface. PSD is a statistical method of describing the
frequency content of random signals, The vibration emplitude PSD 1s determined via the given
acceleration PSD and the calculated 1inertial transfer function. The random vibration
specifications and the resulting refrigerator vibration PSD function are shown in figure 4. The
mounting surface vibrations are effectively filtered by the 7.0 Hz isolation spring mount. The
resulting solid-body RKS vibration amplitude is 17 im with most of the vibration energy containsd
below 45 Hz, .

Acoustic sound energy also induces vibrations in the refrigerator. The pressure difference
across the refrigerator produces a net force on the housing. In gemeral, the force on a cylinder
perpendicutar to a 2-D pressure field is

v
F=A [ P(8) cos(e) de (1)
0 .
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~ Figure 3. Random vibration lunped spring-mass system riodel.

where A is the cylinder radius and P(8) is the pressure distribution over the cylindcr surface,
_Assumlng a sinusoidal plane wave, the peak force is .

F=2PoC

(2)
173 -

where PO is the peak pressure, ® is the angular frequency of the pressure wave, ¢ is the speed“
of sound in air and £ is dﬂf1ned to be

1-
1 2

£ [ 9,2(ka) + 3, (ka) + Y 2 (ka) + Y, % (ka).- Jé(ka)dz(ka) - ¥, (ka) ¥, (ka) } (3)°

where k = 2a/) and J and' Y represent the IBessei functions of the first and second kind
respectively. . ’

The acoustic coupling is maximum when the housing diameter is 40% of the sound wavelength.
The coupling decreases monotonicelly at higher and lower acoustic frequencies. Using this model
and the acoustic sound pressure specifications shown in figure 5, the refrigerator RHS vibraticn
amplitudes are determined to be less than 2.0 wm., The vibration energy is centered at 40 Hz and
is negligible above 100 Hz.

NASA utilizes a third specificziion to 1include tha effects of shock loads, mount
amplification, and launch uncertainty. This specification is termad “Quasi-Static Loading* and is
by far the most severe of the tires specifications on the refrigerator design. This data was

compiled from previous flights and represents the maximunm acceleration level: neasured on devices
with similar 1°olation mounts,
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The specificatfon describes the vibrations during the three launch phases: lift-off,
transonic/maimum aerodynamic pressure, and ascent. FEach phase has an ac and dc acceleration
component which is applied to the refrigerator simultaneously tn three orthogonal axis .for .a
specified duration. The isolation mount frequency determines the ac acceleration specifications;
the design frequency of 7,0 Hz yields the specifications presented in table 1.

Table 1. Quasi-static Yaunch vibrations

B.C. A.C. Vibration
-Occurrence Acceleration Acceleration Duration

{g's) at 7.0 Hz (g's) (seconds)
Lift-off - 1.6 5.4 20.
Transonic/Haxinum 3.0 2.7 10.

Aerodynamic Pressure

Ascent 3.2 0. 100.

Heeting these specifications requires either improvements in the magnetic suspension system
to totally prevent contact or changes to the titanium surfaces to permit limited contact during
launch. The following design changes improve the.suspension system performance.  In addition,
surface treatments will improve the clearance seals to permit limited contact during launch.

3.2 Design changes

- The Engineering Hodel! magnetic bearing stiffness must be improved 60-70 ¢8 to avoid
contact during launch, The magnetic bearings are controlled by a closed-loop control system which
monitors the shaft position and excites the appropriate electromagnets to center the shaft., The .
achievable open-loop gain of the control system, which determines the apparent bearing stiffness,
is limited by the shaft dynamics. The 70 dB gain improvement was demonstrated in a test fixture
with a solié (rigid) shaft. Thus, {f the shaft dynamics can be improved sufficiently, the
refrigerator will withstand the launch vibrations.

The design changes made to improve the shaft dynamics are presented in table 2. The goal is
to increase any resonant freguencies beyond the desirved control bandwidth and to increase the
system damping. The incredse in dicreters, shorter lengths, and decreased suspended mass ell
increase the resonant frequencies. The system demping is improved by decrcasing the radial
clearance in the clearance seal. This cylindrical annulus is filled with the working gas and acts
as a viscous dashpot as the shaft moves radially. Decreasing the ciearance 25% will double the
damping forces. These changes result in the dynamics presented in table 3, These improvements
are sufficieat to achieve the required bearing stiffness, Lo

Table 2. Design changes to improve shaft dynamics

Engineering
Model Prototype

* Increase stiffness

Displacer diameter (cm) 2.0 3.16

Piston diameter (cm) 3.68 4,45

Cold finger diameter (cm) 2.15 3.31

Piston wall thickness (cm) 0.26 0.57
« Increase damping

Clearance seal gap {(um) 25. 17.

Clearance seal length {(cm)

) Piston 4.0 8.0

Displacer 2.5 5.0

- Minimize cold finger suspended mass

Heat exchanger material Copper Aluminum
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Table 3, Improved shaft dynamics

Engineering o
. Model Prototype
+ Squeeze film damping breakpoint (kHz)
Piston 2.5 50-85
Displacer 0.7 45-155
« First bending resonances (Hz)
N Piston 400 900
Displacer 840 1800

The clearance seal surfates will be treated with titznium nitride to improve the wear
properties. Thais provides additional protection to the clearance seals and minimizes the chance
of catastrophic failure shoulu the surfaces come in contact during launch, Various surface
treatments were investigated, Clearance seal samples were coated and subjected to the launch
vibrations. The surfaces were analysed microscopically. The samples were subjected to increased
vibration amplitudes until excessive wear occurred, The treatments tested and the relative
performance data are presented in table 4, : : .

Table 4, Surface treatment evaluation results

Shaft Surface Acceleration
Number Treatment level (g's) Results
A.C. 0.C.
0 none 3 5 Severe fretting &
: . abrasion
1 TiN plated 3 5 Ko degradation
1 TiN plated 10 25 Fretting
2 Sn-N implanted 3 5 Minor fretting
2 Sn-K implanted 6 10 Extensive fretting
3 Ag-N vs C implanting 3 5 Light fretting
4 Ti-N plated 3 5 Light abrasicn
4 Ti-N plated 6 10 Light abrasion
4 Ti-N plated 9 15 . Severe abrasion
5 C implanted 3 5 - Moderate fretting’
6 - C implanted 3 5 Moderate fretting

4. Component improvements

In addition to the work discussed above, several key. system companents have been improved
vis-a~-vis the Engineering Model! design. Improvements in long term temperature stability and
reliability of the bearing control system result from replacing the eddy current sensors in the
Engineering Model with ferrite reluctance position sensors. An 2luminum slit heat exchanger is
used to reduyce the cantilevered mass at the end of the cold finger. System efficiency is improved
with a magnetic spring integrated in the displacer linear motor and by using a novel low frequency
switching driver for the piston motor. Although the thermodynamic efficiency is reduced from the
Engineering Model, the overall efficiency (the ratio of cooling to electric input power}) has
increased as a result of the improved drive systems. Detailed descriptions of each of these
improvenents follow,

4.1 Aluminum cold end heat exchanger

The  Engineering  Model refrigerator  has a  copper annulus  cold end’ . heat
exchanger. The Flight Prototype uses a slit aluminum heat exchanger. The slits provide an
equivalent heat transfer surface area with a shorter heat exchanger length. A reduction in weight
resulis from the reduced material density. The fabrication of the aluminum heat exchanger is
outlined in figure 6 {31.
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. Figure 6. a. Aluninum-titanium heat exchanger fabrication
b. Heat exchanger photograph
c¢. SEM photographs of bond interface

A 5 A1-2.5 Sn titanium cup and a mating commercially pure aluminum piece are cleaned and de-
gassed, The assembly is neated in a high vacuum furnace. As the aluminum melts, it wets and ad-
heres to the titanium surface forming a metallurgical joint. The bonded structure is then hipped

" to remove any voids -and improve the structural properties. The center of the aluminum material is
removed to form a thick walled composite structure. Tha heat exchanger slits are electro-dis
charged-machined (EDM) in the aluminum walls. The outer titanium wall provides the’ neednd

. strength for pressure vessel containment and is subsequently welded to the cold finger.

A heat exchanger sample has been temperature cycled 1000 times from room temperature to 77
Kelvin and 10 times to 4.2 Kelvin. . Metallographic and scanning electron microscopy of the tested
sample show good metallurgical bonding. Tensile tests of a cast sample showed that the bond
strength exceeds the strength of the aluminum. Figure 6¢ is & photograph of the aluminum/titanium
Joint indicative of a supertor bond. A heat exchanger sawple pressurized to four times the design
pressure is currently being cycled from room temperature to 77 Kelvin, To date, 1,000 cycles have
been accumulated with no indication of failure. .

- &.2 Integral magnetic spring/linear motor

“During operaticn, the displacer shuttles gas between the coid and warm ends. The displacer
reciprocates at a specified frequency, stroke, and phase relative to the piston motion., The dis-
placer construction includes the regenerator mesh, bearing armature and radial pesition 'targst’
material, structural walls, and linear mctor. For designs of this type, the fluid damping forces

_acting on the displacer are small in comparison to incrtial forces during cperation. Ideally, for

- compact cooler design, the machine should operate at the highest frequency allowed by the regener-
ator heat capacity and fluid viscous losses. In addition to the size and weight reduction, the
1inear” compressor motor size decreases with higher speeds, since the output force decreases..
However, the displacer motor power loss is proportional to the fourth power of frequency while the
cooling capacity is only linearly proportional to frequency. The significance of the disp]acer
motor power has resulted in larger, lower frequency cooler designs.

Due to the 1arge ratio of inertfal to damping forces, & resonant dfsp]acer/spring system
would greatly reduce the required motor power. In fact, ‘free displacer' coolers have been made
which have no displacer motors. These coolers use the operating pressure wave to drive a resonant
displacer/mechanical spring system.

Long life mechanical springs can be designed provided the operating stress levels are suffi-
ciently low. The damping forces for a well mounted mechanical spring are also quite low. . How-
ever, experienceé with mechanical spring balancers has shown that small particles are generated
during operation. These particles would be catastrophic to the clearance seals. Thus, mechanical
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sorings could not be used in the design. Gas springs have no wear problems, but do have limited
1inearity, higher damping than mechanical springs, and do require an additional clearance seal,
For these reasons, the gas spring was also not used in this design. Magnetic springs, on the
other hand, do not need clearance seals and have no life-limiting properties. As a result of the
advances made in permanent magnet material, new, high strength magnets with minimal long term
aging end good temperature stability are now available. These fimprovements have made magnetic
~ springs feasible and the Flight Prototype incorporates one in the displacer design.

One advantage of the Engineering Model's linear motor drive system is the freedom to adjust
the displacer and piston strokes independently as well as the phese. In a free displacer design,
control and flexibility is lost though fewer components are needed. Thus an adjustable spring or.
a spring and metor is desirable to maintain operstiag flexibility. .

The Ftht Prototype incorporates such an integrated magnetic spring/motor. -The motor
provides control of the displacer motion. A schematic of the integral spring/motor with the dis-
- placer at full stroke is shown tn figure 7. The moving magnets act as springs and interact with
the stationary coil to produce a force which is proportional to the current in the coils.

The construction of the motor is very similar to the displacer linear motor of the Engineer-
ing Model. Radially magnetized magnets are added to the stator at both ends of the coils to
provide a self-centering magnetic spring. Good linearity is achieved over the design stroke
through proper positioning of the concentric magnets. Another advantage in this design is the
single dizneter construction, No dead space or void volumes are introduced which would have
existed with a conventional face-to-face repulsion magnet spring. The springs reduce the peak
force requirements of the motor. Table 5 compares the power requiretnents of the integreal
spring/motor design to a conventional linear motor design with equivalent size envelopes. In both
‘cases Smi05 magnets are used because of their very rigid magnetization and exceﬂent thermal and
long term aging stability, .

INTEGRAL BIAGRETIC SPRING / LINEAR MOTOR

ARMATURE

- - - - ]
FULL 9THOKE~<I)(}-

—— TYPICAL FLUX PATH
[E73 PERMANERNT MACGNET

Figure 7. Schematic of integral displacer magnetic spring/linear motor.
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Table 5. Power comparison: Integral spring/motor vs. linear motor

- Spring/motor Conven. linear motor
Peak motor force (N) 12 46
Magnet moving mass (Kg) - .033 .035
Total electric power ?N) - 8 20

Eddy current damping generated in this magnetic spring is difficult to accurately predict.
These eddy currents dissipate stored energy and lower the spring quality factor (Q). Another
problem with a magnetic spring of this design is the radial instability and resultirg side loads.
These side loads occur not only from magnetic eccentricities resulting from mechanical
construction, but also from magnet non-uniformity. These side loads have static as well as
dynamic compenents. Because of the difficulty in estimating these effects, tests were performed
with a dedicated test fixture.

4.2.1 Static spring test results

Axial springs of this design have a radial instability stiffness which is less than or equal
to negative one half the axial stiffness{4,5]. The sign is critical since a 10 N/m axial
stiffness PM spring has a radial stiffoess ranging from negative 5 N/m to negative infinity., For
designs involving no soft magnetic material the inequality qualifier can be ramoved.

The stiffness of a simple magnet pair (no soft magnetic material)} was tested and compared to
a finite element analysis of the same geometry (fig. 8}. The characteristic geometry of the
magnet rings 1is very close to the spring/motor design. Side load tests were perforiied by
displacing the inner ring toward the outer ring and measuring the radial force. The radial
stiffness was measured to be negative one half the axial stiffness. The side loads for zero
mechanical eccentricity of various magnet pairs were measured to determine the magnet
non-uniformity. Table 6 summarizes the test results. These results indicate that matched megnet
segments must be used to produce acceptable performance. '
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Figure ®. Static test of single magnet pair vs. analysis
a. Test set-up ' '
b. Axial test results
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Table 6. Static side load test results

Radial instability of single magnetic spring pair

Axial stiffness at mid position 11,000 N/m
Radial instability stiffness
Theoretical analysis 5,500 N/m
Finite element analysis 5,500 N/m
Measured 5,000 - 7,000 N/m

‘ Magnet non-uniformity
Magnet pair number 1 2 3 4

- Peak radial side force (N) 2.0 1.1 2.6 0.25
(in concentric position)

Equivalent geometric (cm) 0.647 0.005
eccentricity - '

4.2.2 Dynamic test results

Following these. static tests, two sets of springs were.mounted to an active radial magnetic
bearing test fixture which exhibits no friction and extremely low damping in the axial direction.
Figure 9a is a schematic of the test fixture. The integral magnetic spring/motor was in effect
split and placed at either end of the bearing test fixture. Figure 9b is a scope trace of {he
position of the moving mass vs. time resulting from an initial step displacement. The resulting
Q of about 70 indicates that there is very little eddy current damping in the magnets. The
quality factor, Q, does get lower as additional magnets or magnetic material is placed near the
spring indicating that eddy current damping is not negligible.

The test set-up was further wmodified to test the integral motor/spring concept. An
additional small magnet ring was attached to each inner magret ring as in figure Sc. A coil is
placed around each inner magnet ring., This test was performed to verify the analytic procedure
used to determine the force constant cf the displacer motor, Both dc and ac tests were performed
using the motor to excite the moving mass. Thz dc force constant of the motor agrees wzll with
. the predictions,. The displacer is driven off-resonance (as it wiil be in operation) and open-loop
and the resulting frequency speftrum of the displacement is recorded. Figure 3d{1) is a force
displacement curve of the spring for positive and negative displacements. At low &uplitudes, the
- ‘curves match well, indicating thet there should not be any even harmonics in the displacement
spectrum, At larner strokes, the curves vary indicating that even harmonics will be present. The
resuylting frequency spectrum meaturement of the displacement is shown in figure 9¢(2). These
harmonics produce insignificant adverse effects on the thermodynamics.

Through the introduction of bonded high energy product magnets, the
damping can be further reduced because of their very high resistivity. 1In a free displecer
design, the motor can be eliminated and axially magnetized springs can be used thus simplifying
the fabrication,

4.3 Radial position sensors

The accuracy of the radial position sensors in a magnetic bearing system determines the 1imit
of the achievable accuracy of that system. The Engineering Model cooler which amployed magnetic
bearings, used eddy current sensors as the means of measuring radial position. These sensors,
however, are not without drawbacks:  they must be isolated from the helium working gas by a
ceramic window and titanium pressure wall, and their extreme temperature drift precludes the use
of these sensors in the single-ended wode. Thus, each axis reguires two matched sensors, two
window assemblies which tend to trap particulates, and high freguency differential e]ectron1cs to
acquire a single position signal (fig. 10)
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~ In an effort to simplify both the mechanical and electrical aspects of the radial position '
sensing, a number of alternative sensing schemes wsere considered. The major features desired for
the new radial position sensor are suwmmarfzed below:

Single-ended (to allow redundancy)

Hich bandwidth

tiegligible temperature drift

High signal-to-noise ratio

Sizple electronics (reliability)

Repeatable, stable, easily cleaned, wechanical assexdly

The most promising wmethod, with regard to simplicity of electronics, was that of variadble
reluctance sensing, Furthermore, with the applicaticn of ferrite to a reluctance seasor, eddy
currents are eiiminated; and thus, high bandwidth is achieved. Hith appropriate cwagnetic and
electronic design, a reluctance seisor also offers a reasonably Yinear respensz with negligible
tesperature drift in a single-ended configuraticn. Finally, the reluctance sensor greatly
improves the mechanical design if the ferrite sensor itself can penetrate the titarhwm wall, be
ground flush with the wall, and serve as a hermetic barrier. This cachanical design required-2
hermetic ferrite/ceramic/titaniunm joint which was the sudbject of a major effort in materials
technology. A functionally representative schenatic of the ferrite sensor is shown $n figure 11.

Figure 11. Ferrite radial position sensor

Extensive testing of the ferrite censor was performed (o measure the positicn sensitivity and
the temperature drift in the singie-anded mode. Inductance measurements were taken at constant,
temperature over the range of 0 ~ 4 mils (fig. 12). The data shows that the inductance, L, is
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1nverse‘y preportional to the gep size, X, edth a sensitivity, dL/dx, of approximately 100 uH per
mil. Tnis represents a change in fimpedance of 20% per mil of displacement for the ferrite sensor
as compared to roughly a 1% change in impecance for existiag eddy curreat sensors.

The relatively high sensitivity to position was one major step towards the minimization of
temperature drift; the next criterion to consider wes the sensftivity of irductance to
temperature. :

The temperature sensitivity is measured using a specially designed test fixture which
maintains a fixed gap between sensor and target, The fixture is placed in a temperature
controlled oven which is cycied from 20 °C to 80 °C repected]y. The inductance of the sensor 15
. continuously monitored and recorded to quantify. any drift in {nductence duz to a chang,e JQ.«
temperature. . -

Figure 13 fs a plot of inductance vs. temperature for a fixed 3 mn gap over the range of 20
- 80 "C. The data shows an increase in inductance with temperature f xn 390 11 at 20 °C to 395 WM
at 80 *C. This 5 uH change in inductance translates to a position error of approximately 50
u-inches which represents only 5% of the 1 @il radial clearance between the piston and cylinder.

Previously, the acceptance criterion for matching eddy current probes was expressed in terms
of a maximum position error of 200 u-inches or 20% of the 1 wmil radial clearance with the probes
used in the differential mode. Thus, the ferrite radial position sensor offers much improved
temperature stability with the added advantage of operating in the sing?e-end»d rode,

Havmg achieved adequate temperature stability through eppropriate choice of materials end
geometrical design, the linearity and semsitivity of the electronics was tested. The output
voltage as a function of gap size is plotted in figure 14 along vith a line describing the ideal
Tinear output. )

_The close fit of data voinis to the ideal curve shows a fairly linear relationshaip between output
voltage and position, and a sensitivity of about 10 volits per mil,

In summary, the ferrite redig) position sensor has exhibited excellent performance over a
wide temperature range. It has demonstrated adequate linearity, gond sensitivity, and exceptional
temperature stability, while obviating the need fer differential seasing ang fecilitating the
incorporaticn of redundant sensing techniques. Furthermore, it has greatly simplified the
electronics design which leads to a lower parts count and, hence, intreased re.ubxhty And
finally, the mechanical assembly provides: a flush bore ahich is hermetic and .can be easily
cleaned. ' . .
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4.4 Synchronous linear motor controller C

In the Engineering Hodel cooler, moving magnet linear motors are used in axial control ioops
to prescribe the reciprocating motions (i.e. amplitude, phase, speed & center positica) of the
piston and displacer. The axial control is performed with position serve loops employing LVDTs to
measure position and linear awplifiers to drive .the motors. The linear emplitfiers exhibit
excellent reliability and high bandwidth, and in general meet all the performance requirements of
the original design specifications, Mwever, the poor (-40%) efficiency of the linear drivers
precludes their use in & spaceborne system, Therefore, alternative driving methods were
investigated, specxﬁcany, switching drivers which would provide an axial centrol system with
high reliability and maximum efficiency.

High frequency {160 WHz) switching amplifiers have been used for this application and have
achieved efficiencies on the order of 75% with a bandwidth of 1 kHz. Using this type of
amplifier, one could directly replace the linear amplifier and use the sawe control system,
However, for high current applications, viz. the piston driver, the high freguency switcher
becomes complex and less reliable due to parasitic oscillations assocuted with the paralleling of
power MOSFET - transistors and the finite reverse. recovery times associated with high current
leUGS.

A s:gmficanﬂy d\fferent approach to the exial contro} provides an alternative driving
scheme. Using a nonlinear control system which esploys phase lock loop technigues and takes.
advantage of the electro-mechanical filtering properties of the linear motors. The amplifier used
_in this system produces a switching waveform at the same freguency as the refrigerator operating.
frequency. The ac component, the dc component, and the phase of the waveform are controlled by
three separate inputs to the amplifier as shown in figure 15. .

The amplitude of the fundamental component of the switching waveform is varied %y a coomon
mode modulation of the positive and negative pulse widths., The dc component of the waveform is
varied by a differential modulation of the positive and negative pulse widths; and the phase and
frequency of the switching waveform are prescribed by an ac signal at the third input to the
amplifier. These three control lines are used in three distinct control loops to-accurately .
prescribe the awplitude, center position, and phase of a piston or displacer motor (fig. 16).

In the first control loop, a low-pass averaging circuit is used to feedback the dc position
of the motor and compare it to a reference signal; the resultant error signal is then compensated
and used to adjust the dc component of Vgut to achieve the desired dc position. A second
control loop 1is realized by using a peak to peak detector to determine the stroke of the
reciprocating moter. The stroke amplitude is compared to a reference signal, and the resultan:
error signal is compensatad and used to adjust the ac component of Vout to achieve the desired
stroke of the motor. Fimally, a third control leap is formed to control the phase of the motor,
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A clock signal provides the frequency ard phase reference onto which the motor phase is |oched via

phase locked Yoop techniques,

A prototype system vhich can deliver 500 watts of real power to the piston motor with an

amplifier efficiency of 95% was designed and. fabricated.

The system exhibits excellent control of -
critical operating paremeters with negligible distortion of the desired sinuscidal mntion (fig- -

17) and & surprising tolerance to nofse and non- 1Jeal sensor performance.
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Since the switching firequency of the amplifier is very low, f.e. the seme as the operating
frequency of the refrigerator (15 - 25 Hz), the design of the amplifier is greatiy simplified,
resulting in a lower parts ccunt and hence -higher reliability. Furthermore, at these frequencies,
switching losses are negligible, and transistors are easily paralleled to achfeve very high
efficieacies. .

In summary, the synchronous motor contreller, elthough exhibiting a slowsr transient
response, provides better efficiency, potentially greater relfability, and better coatrol of
steady-state operating parameters than is possible with either a linear amplifier or a high
frequency switching awplifier used in a classical positicn servo loop.

5. System performance

Table 7 is a summary of the key design paranciers of the Flight Prototype model. System
performance 15 summarized in Table 8., The thermodynamic efficiency of the design is comparable to
the Engineering Model. Overall reduction in system power results from higher efficiency driver
systems and the inclusien of the magnetic spring in the displacer motor. The counterbslance
design (including powar requirements) have not yet been addressed.

Table 7. Flight prototype design parameters

Piston design stroke (mm) 7.4
Piston diameter (cm) 4.45
Displacer design stroke (mm) 2.3
Displacer diameter (cm) 3.155
Operating speed (Hz) 18.6
Charge pressure {N/m?) 1.69 ES

Regenerator wall thickness (mm) 0.5
Cold finger wall thickness (mm) 0.5
Displacer moving mass (Kg) 0.9
Piston moving mass (Kg) 3.9
Clearance seal gap (wm) 1
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Table 7. Flight prototype design paramaters (cont.)

_ Regenerator:
thaterial ) phosphor bronze
Cross sectional area (cm?) 7.31
Length (cm) 6.0
Wire diameter (um) 53.
Fill factor 0.36

Piston motor:

Motor type moving magnet linear motor
Yoke material 4% Sife
Magnet material SmCo5, BH max = 23 MGOe
Peak motor force (N) 22¢
techanical output power (M) 100
ngiciency (%) 75
I“R Loss (W) 30

Teble 8. Flight prototype system performance

Design cold production (W) 5.
Cold end temperature (K) 65.
Harm erd temperature (K) 300.
Thermadynamic shaft fnput power (K) 100,
Piston motor input power () 135.
Displacer motor input power (W) 5.
Total input power to motors (M) 140.
6. Summary

A second generation magretically suspended, linear Stirling cycle cryogenic refrigerator has
been designed to meet the space shuttle launch requirements. The design changes are primarily
focused on improving the refrigerator dynawics and thus its capability to withstand the launch
vibrations. These include; increased structural resonant frequencies, increased ec/dc bearing
force capabiiity, and increascd gas film demping, Other improvements, which increase system
reliabiiity and efficiency, include an integral displacer magnetic spring/motor, ferrite.variadle
reluctance position sensors, surface treated clearance seals, and an aluminum/titerium cold-end
heat exchanger. The work summarized in this peper is being supported by the HASA-Goddard Space
Flight Center, (Contract Humber HAS5-25G88).
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SIMPLE CONSTRUCTION AND PERFORMANCE OF A CONICAL PLASTIC CRYGCOOLER

N. Lambert

‘Oepartment of Applied Physics
-Delft University of Technoloay
‘2628 CJ Delft, The Ketherlands

Low power cryocoolers with conical displacers offer several advantages
over stepped cdisplacers. The described fabrication process allows quick end
reproducible manufacturing of plastic conical displacer units. This ‘could be
of commercial interest, but it also makes systematic optimization feasible by
constructing a number of different models. The process allows for & wide range
of displacer profiles. Low temperature performance as dominated by regenerator
losses, as well as several related effects are discussed. In addition a simple
device is described which controls gas flow during expansion.

Key words: Composites; conical displacer; cryocooler; flow controller;
low power refrigeration; low temperature; plastic; refrigeration;
regenerative cooler; Stirling cycle.

1. Introduction

The widespread use of low temperature devices by non-specialists depends heavily on the
availability of suitable coolers. . Practical soluticns to this problem will stimulete research
along lines that are presently unattractive. Zimmerman [1] pionecered the developmant of plastic
Stirling coolers with gap regeneration to cool a SQUID device directly. The emphasis is on very
low magnetic interference levels (dictating the use of plastics) and very low cooling power. A
cooler's perfaormance, as can be shown from elementary principles, improves significantly at low
temperatures if multiple stages are used. If one ignores the increase in void volume, adding
additional stages is always advantageous. However, all individual stages ncsed separate machining
and careful assembly. An attractive alternative is a tapered displacer, which can be considerad as
consisting of an infinite number of stages. Du Pré and Daniels [2] experimented with such a
conical displacer in 1271 and Myrtle et al. [3] successfuliy built a plastic version suitable for
SQUID eapplications. These units still require a Jot of caraful - machxniﬂg. . In addition,
constructing a viable machine from & bare urit is time consuming. We felt the need for.a.different
manufacturing scheme that - ~"is simple,

- has inherently better reproduuibilxty,
- allowes more design flexibility, and
reduces the time spent in completing the unit

2. Conical displacer

In Stirling coolers all losses are distributed along the length of the displacer-regenerator,
except for the discrete radiation shields. From the thermodynamic. point of view therefore,
distributed cooling represents the main advantage of Stirling coclers with a conical displacer
compared to their stepped counterparts. The shape of the cone determines the distribution of the
cooling pover. )

. g

There are several more subtle effects however. Cool-down is slightly faster because of the
lower mass of the displacer. -The gas is expanded within an annular gap, whereby thermal contact
during expansion is improved and (the more Yavourable) isgthermal expansion can be achieved even at
low temperatures. Several efvects depend on the width of the annular gap. At low terperaturos the
regenerative iosses are dominant. Although this loss is mainly due to the plastic, it is still
important to keep the thermal resistance of the gas gap low by means of a narrow gap. At higher
temperatures shuttle heat transfer losses are more important and 8 wider gap with corresponding
nigher thermal resistance becomes attractive. The anpular gap of a conical displacer depends on
the angle of the taper and varies during a stroke.
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A more fmportant issue is the void volume. Zimmerman [1] found that his nylon displacers
contracted 1% more than the glass fibre reinforced epoxy cylinder during cool-down. In cylindrical
stages it is easy to compensate for axial contraction. However the radial contraction causes an
appreciable void volume. At a typical stage length of 150 mm, the annular void volume associated
with this 1% differential contraction corresponds to about 3 mm dead stroke - compared to a typical
6 mm active stroke. Since regenerator losses are proportional to the total mass flow squared {41,
this effect roughly doubles regenerator losses. Conical displacers have different properties: The
gas gap widens during the upgoing stroke and no additional static gap is needed for the gas flow.
Axjal correction can compensate for radial contraction of a linear cone. However, when either the
taper is nonlinear or the contraction is inhomogeneous (temperature gradient) thls is impossible
and may result in significant void volumes. Therefore in a conical design the sleeve should
contract slightly more than the displacer. In that case the void volumes are in the gaps at
higher temperatures, where they are less important or even favourable (higher thermal resistance).
The only void vo'ume at low temperature is located at the -marrow tip, which can be easily filled.

Probably the most important advantage of conical displacers is in construction. When
difficult nachinlng can be avoided, thls shape clearly favours simple, single step manufacturing
processes. .

3. Manufacturing

It is not feasible to ~machine both tapered displacer and sleeve from plastic rods with
sufficient accuracy to get a reasonable fit. The obvious solution is to use one of these as &
mould for the other; a perfect fit is guaranteed. #yrtle et al. [31 machined the displacer from
rods and wrapped glass fabric with epoxy resin around it to obtain the sleeve. However, machining
a long narrow displacer from glass fibre epoxy is tedious to say the least. It has to be done by
sections, which adds critical aligning steps to the preocess. He wrapped the sleeve around a brass
cone, and tried to cast the displacer in this sleeve afterwards. Uneven distribution of the glass
fibres within the epoxy resin made the displacer warp seriously at cryogenic temperatures. This
suggestad the use of glass powder instead of fibres, but small irregularities in the inner surface

» of the sleeve prevented a rellable release. Therefore we prepared a special mould from the brass
cone. A professiongl casting rubber contracted about 0.5% (elast;calIV), rendering the mould
useless. e obtained good results with unfilled casting wax saturated with viie sand to elimxnate
contraction {causing cracks) during congealing.

The entire manufacturing scheme is illustrated in figure 1. The critical properties of the
cone are sufficient roundness and a straight axis, rather than the precise diameters. The brass
cone was machined in about one day on an ordznary lathe, and can be used many times. This
garantuees reproducibility. :

After costing the brass come with a parting agent, a layer of glass fibre ribbon is wrapped
around it using Stycast 1266 epoxy resin (Emsrson & Cuming)., Next, a helium diffusion barrier of
5 um manganin foil and the aluminum tip are secured with a second wrapping. Electrical leads and
thermocouples are thermally anchored and protected by the third and final layer. Supports for
radiation shields can be buflt up from glass fibre ribbon or aluminum. Black Stycast 2850 FT (with
catalyst 24LY, Emerson & Cuming) is cast in the flange mould attached to the brass cone (fig. 1a).
Threaded holes are formed in the plastic by embedding nuts. The entire sleeve is cured at room
temperature. Then the brass is released by force, and the supports for radiation shxelds are
machinad to the right size. .

Figure tb shows the manufacLurlng of the displacer mould The meited wax/sand mixture is cast
around the preheated brass cone. After insulating with glass wool, water ccoling causes congealing
to start from below. An anchor at the bottom prevents an upward shift of the wax during
contraction. In this way the contraction can actually be used to force a perfect fit. The brass
conz s pulled free at room temperature.

Figure 1c shows casting of the displacer in the wax mould. We use a mixture of fused silica
{-200 mesh) and Stycast 1266 epoxy. The ratio of the powder and resin components is 180 powder: 100
component A : 28 component B {n parts by weight. Immediately after preparation, the mixture is
vacuum treatnd to remove air bubbles and then injected {nto the mould. After cure at room
temperature the wax is melted. Small surface irregularities are corrected with sandpaper and the
displacer {s machined to the right length. .The glass powder/epoxy mixture is very homcgeneous and
we found no warp at cryogenic temperatures. However, should the need arise, the displacer can be
made flexible by segmenting it and Interconnecting the pleces with wire (a single nylon fibre in
the casting can be pulled out easily after cure, leaving a convenient channel). HWith another
trivial extension of the moulding process the displacer could be made hollow to decrease thermal
conductivity 'and thermal mass.
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Fig. 1. HManufacturing: (a) The glass fibre epoxy sleeve (ES) is wrapped arcund the brass cone
{8C), with an alumirum tip (AY). An epoxy fiange (EF) is cast in a covered (M() flange
mould (FK). Screws (S) may be used to form threaded holes. Supports for radiation
shields (RS) are built up and machined after cure. (b} A wax/sand mixture (WS} is cast
around the brass cone (BC) within an aluminum tube (AY), and insulated with glass wool
(64). Hater coeling-(HC) through an insulating flange (PF) determines the direction of
congealing. Brass anchors (BA) hold the wax down. (c) Glass powder/epoxy mixture (EQ) is
injected into the wax mould. -

The photograph (fig. 8) shows the different components., Except for a lathe, no special tools
are needed. At the moment the entire process takes about 40 man hours in the laboratory. The main
part is consumed by preparation. For a small series a significant gain is possible. A more
detailed description of the process can be obtained from the author on request. '

4, Results

He compared thc dimensions of the plastic displacer and brass cone at room temperature and.
found the displacer to be about 0.05 mm smaller in diameter along the entire length. The tip of
the displacer was shortened until it fitted the sleeve exactly, and this length corresponded to the
length of the brass cone within 0.1 mm. Then the tip was lengthened by a 1 mm piece of aluminum.
The displacer was now completely free to move i{n the sleeve. The top of the fully inserted
displacer shifted less than 0.1t mm after warming up to room temperature, indicating. negligible
difference between contraction of sleeve and displacer. At cryogenic temperatures the displacer
was still free to move and rotate in the sleeve, indicating negligible warp.
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Fig. 2. Experimental setup. The cold space inside the x‘vacuum can is surrounded by radiation
* shields and superinsulation. :

Figure 2 shows a diagram of tre experimental setup. The displacer unit with radiation shields
and superinsulation is mounted in a continuously pumped vacuum can. For experimental purposes the
displacer is driven by a servo motor (electronically controlled) through a vacuum pumpad double
O0-ring seal to avoid .contamination of the helium. A smalk,” standard, rubber membrane air
compressor is used to compress the helium in a closed circuit. Solenoid valves control compression
and expansion in the displacer unit.

A? a

diameter .
(mm} & L300 .
504 temperature
K .
. &0 - 200 (k)
30 1
20 - LJOO
10 4 5
0 = . : 0

L Ll e T
0 100 200 300 400 500
distance frono top {mam)

Fig. 3. Diameter (solid line) and temperature (dots) along the length of the cone. Tip
temperature measured with germanjum resistor, others with thermocouples. Positions of the
two radiaticn shield supports are indicated at horizontal axis. .

The first experimental results are promising: At a 1 second period, a 6 mmn stroke and a 0.42
to 0.10 MPa (absolute) pressure cycle it cooled down to 10.t K in 18 hours. Temperature
distribution and dimensions of the ccne are indicated in figure 3. The temperature at the tip
rises 0.4 K with a 1 m¥ heat load. At present the lowest temperature. is.limited by the performance
of the compressor, and we intend to improve the system in the near future. Although the manganin
shield inside the plastic sleeve wall of this unit was damaged. during manufacturing, it took about -
5 hours before the tip temperature started to rise noticeably due to helium diffusion if pumping
was discontinued. : ' ’
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5. Gas pressure and displacement

Several parameters are important in optimizing the operation of a cooler. The gas pressure
and displacement waves are of general importance for any regenerative system. At temperatures
below about 20 K the regenerator losses are dominant. The gas flows in an. axial temperature
gradient q7/dz and the heat load on the regenerator is proportional to the thermal capacity of the
gas flow mC and the thermal gradient. Heat exchange with the plastic is not perfect. This can be
expressed as a thermal impedance ZT The temperature difference 67 between gas and plastic
(reference) is given by

e dT
6T~Z1mCa-Z-'

The net regenerator loss {

reg is a time averaged product

o_v. '_ -o."-' . 2 dT1
Qreg = <mC6T>t= <(mC) ZT>t G

In many textbooks a basic distinction is made between Stirling (piston), . Gifford-tcMahon
(continuous compressor with valves) and Vuilleumier {regenerative thermal compressor) cycle.
Indeed the room temperature arrangements and their inherent limitations (high drive forces and
sealing, lower efficiency, high temperature construction and low compression ratio, respectively)
are quite different, but at the low temperature end the cycles are very similar. Tne lower
regenerator hcat load of a constant density cycle (the theoretical Stirling cycle) can in fact be
achieved by moving stacked displacer segments down {or up) one by one (analogous to the ripple that
passes through a queue of cars waiting at the fast food drive-in). The conventional single
displacer system, however, leads to the 5/3 times higher heat load of a pressure controlled system.

absolute
pressure 4|
(105Pa)
2-4
14 Q
EC
) s
0 5

. : - displacer position {mm)

Fig. 4. Pressure - dxsplacement oscilloscope trace. Compression valve opens at €0 and closes at
CC. Expansion vaive opens at EQ and closes at EC. . L

There are still some possibilities left to reduce the regenerator heat loss significantly by
manipulating the pressure and displacement cycle. As was pointed out above, it is very important
. to keep the low temperature void volume low compared to the swept volume. This reduces the
unnecessary part of the mass flow. Figure 4 shows the pressure - displacement oscilloscope trace
of the actual cycle employed in our machine. The refrigeration power is directly proportional to
tha area enclosed in the pressure - displacement diagram. The total mass flow corresponds to the
difference between maximum and minimum of the product of pressure and displacement (at EO and CO).
In a regenerator loss dominated machine like ‘ours, it is important to truncate the rectangular
cycle of a typical Gifford-icHahon machine as shown (CC to EQ and EC to CO) by timing the valves
properly. In this way a small amount of the available refrigeration power is sacrificed, but the
regenerator losses are reduced significantly by the decrease in mass flow. Typical numbers are 10%
reduction of refrigeration and an improvement of about a factor two in regenerator loss. The ideal
case would be truncation along a line of constant amount of gas (hyperbole), i.e. zero mass flow.
Unfortunately the unavoidable room temperature volume at the top of the displacer limits the
pressure drop between CC and EO.

Another possible improvement involves the time dependence of the mass flow. In the case of a
purely resistive thermal impedance (e.g. a narrow gas gap) a square wave is optimal. A sine wave
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is only a factor « /8 worse, but peaked functions are clearly less desirable. As indicated by
Radebaugh [4] the thermal penetration depth  the plastic will wusually dominate at low
temperatures. In that case the thermal impedani has an imaginary part. T7This introduces a 45
degree phase shift and corresponding 1/v¥(frequer ) dependence in all Fourier components (51.
The phase shift introduces a extra factor of 1/£ -~ ~ a sine wave. In this case, determining the
optimum wave form involves some mathematics. The optimal solution results in-an improvement of
only about 20% compared to the sine wave. : .

displacer C 13 C E

- A —_——

position 4////—\\\d////_

) -tune o .
Fig. 5." Displacer movement. C: Compression valve open. E: Expansion valve open.

However, in practxcal valve operated coolers the mass flow cycle is hxghly asymmetric and
peaked. The performance can be improved significantly by smoothing the gas flow. Our experimental
setup allows full electronic control of the displacer movement. Figure. 5 shows a tvpical
oscilloscope trace of the non-sinuscidal movement employed in our machine.. bMost of downward gas
transport occurs during the upward displacer movement at high pressure. Most of the upward gas
transport occurs during expansion when the displacer is at top posztxon. Therefore more time is
spent in raising the displacer and near the top position. .
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Fig. 6. Gas flow controlling device. Gas flows through needle valve at the left to the outlet
port B. The nylon piston at the right stabilizes the pressure difference over the needle
valve by closing the inlet port A.

Smoothing of the pressure cycle during expansion and compression is usually achieved by means
of a needle valve. The mass flow through such a constriction generally. depends on both the
pressure difference and the average pressure at inlet and outlet port. This gives rise to a long
.tail in the pressure decrease as a function of time (a hyperbolic cotangent for laminar flow).

- time derivative of the pressure, which represents the mass flow when the displacer is statxonary,
is highly peaked. A simple solution would be to use ~ spring-loaded needle valve which opens when
the pressure difference aver the constriction drops. It is difficul{, however, to adjust the flow
characteristics of such a device while in operation. Figure 6 shows a more sophistic4ted device,
which essentially consists of a pressure regulator and needle valve in series. Expansion to the
low pressure outlet is controlled by the needle valve. The pressure difference over the needle
valve is stabilfzed by a spring-loaded nylon piston which closes the high pressure inlet when
necessary. The flow through the-device now depends on pressure at the outlet only.  In figure 7

128



the oscilloscope traces of expansion through this device and through an ordinary needle valve can
be compared. The lowest temperature in our cooler improved about 0.8 K with this modification, and
the effect should be even more important at lower temperatures. Several versions are possible,

e.g. a membrane instead of a piston, a stem or needle instead of a poppet valve, an adjustable
spring, etc. We suppose that this device can be used in other fieldc as well. A similar device .
could be designed for compvessxon. but this is a less critical part of the cycle. Regenerator heat
load during compression is low because the displacer is near the bottom position, and compression
is inherently more linear than expansion.

absotute’
_pressure |

0 -
time .
Fig. 7. Expansion th.ough ordinary needle valve (a) and through flow controlling device (b). Note
that the time derivative, representing the mass flow, 1s hxghly peaked 1n {a) but almostA
perfectly constant in (b) )

6. Future work

Besides improving the current performance by operating at somewhat higher pressures, we intend
to build several different units in the near future. An obvious improvemant would be a holiow
displacer. This is only relevant at the high temperature section. A significant improvement is
expected ‘'in low temperature performance by incorporating a -higher heit capacitance, e.g. lead
particles or He on charcoal, in the plastic. Because the loss from static conducticn is
negligible at low temperature, regenerator losses can also be reduced by using materials with a
higher thermal conductivity. We hope to perform a rather detailed computer analysis including all
relevant details, in order to optimize low temperature performance. Another simple extension would
be a small, low pressure Joule-Thomson stage using the gas from the regenerative cycle to prevent
impurity build up. The gas lines can be embedded in the plastic slepve. A similar experiment on a
steppea cooler [6] indicated that this approach is feasible. .

7 Summary

Multiple stage plastxc rryocoolers require accurata machining of all separate stages and
careful assembly to achieve a close fit of the displacer within the cylinder. Conical displacars
are thermodynamically attractive, but were thus far more difficult to make than multiple staged
designs. This paper describes a simple process to make both the cold finger and the displacer from
a single conical mould. Vacuum flange, cold tip and supports for radiation shields are includsd.
Thermocouples and electric wiring are embedded in the plastic. The first experimental results in
low temperature performance are promising. In a laboratory the entire process takes about 40 man-
hours, which seems a reasonable starting point for small scale production. The reproducibility of
the product allows for systematic performance optimization by constructing a number of different
models. The flow controlling device for expansion, and several other improvements concerning
regenerator loss may be useful for other prOJECtS as well, i

This work was initiated during a stay at NBS Boulder Laboratories and carried out at Delft
University. - We thank Or J. E. Zimmerman for instructive discussions and advice. The work is
sponsored by the Delfts Hogeschoolfonds. MWe cordially acknowledge the additional support by
Praf. H. Postma and Prof. J. E. Mooij, which made the visit to N8BS Bgulder possible.
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EFFECTS OF LEAKAGE THROUGH CLEARANCE SEALS ON THE PERFORMANCE
OF A 10 K STIRLING-CYCLE REFRIGERATCR -

C. S. Keung and E. Lindale

Philips La2boratories
A Division of North American Philips Corporation
Briarcliff Mancr, HY 10510

The use of clearance seals is essential to achieve long-life, wear-free
operation of Stirling-cycie cryogenic refrigerators. This paper describes an
experiment which determined the effect of leakage through clearance seals om
the performance of such ‘@ refrigerstor operating at temperatures ranging frow
20 K down to 10 K.

The ability of a Stirling-cycle refrigerator to achieve 10 ¥ with clearance
seals was successfully demonstrated. Results indicate that the leakage flow
undergoes  gap regeneration before rveaching the cold expansion volume., A
simple model of gap regeneration was used to estimate the regenerztion loss
due to the leakage flow. This regeneration process wminimizes the loss in
refrigerator performance caused by the clearance-seal leakage. As a result,
clearance seals remain effective down to a refrigeration temperature of 10 X.

Key words: clearance seal; cryogenic refrigerator; cryogenics; heat transfer;
regenerator; Stirling cycle.

1. Introduction

OQue of the life-limiting mechanisms in a typical cryogenic refrigerator is the wgar of its
seal surfaces.  HWear of the seal surface not only increases leakage but also generates
contaminants. In order t0 achieve ‘long-1ife, wear-free operaticn of cryogenic refrigerators, the
use of clearance s=al is essential. ‘

A clearance seal is a long, narrow annular gap established between the ouisitde surfece of a
reciprocating cylinder and the internal surface of a mating cylindrical housing..- Sealing is
attained by-the flow resistance provided by the long narrow gap. Clesraace seals werg first
implemented successfully on @ long-life, Stirling-cycle refrigerator operating down to 38K {1] .
In this 'study, a triple-expansion, Stirling-cycle refr1cer;~or vas  tesied to study the
~effertiveness of clearance seals to attain tewpcratu es below 20 K, This paper descrines the

experiment with the three-stage refrigerator and a first order analytical model of the effects of
the clearance seal on cold pronuctxon. .

2. Description of refrigerator
The first successful operation of the triple-expansion, Stirling-cycle cfyagen‘c refrigarator

used -in this study was reported by Daniels and duPre [2] ir 197). In this earlier study, this.
refrigerator originally reached a temperature of 9 K with a third-stage (coldest) regenerator

filled with lead spheres. The refrigerator. configuration 1is typical of cosventicnal
Stirling-cycle machines driven by a simple crank-type mechanism (fig. 1). The compressicn hest is
. rejected tao water through & cooling jacket. The crankshaft is driven externally by a

variable-speed motor,
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Figure 1. f_—btor drive and triple expansion refrigerator

The displacer i5 stepped to three diameters (figs. 2 and 3), with each section containing &
regenerator matrix. The first (i.e., warmest) and second stege matrices are wmade of layers of
phosphor-bronze mesh, )

EXPAATN CFACES

KEAT ERCHANGER ~ fomi—rosy
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Figure 2. Three stage displacer Figure 3. Schematic of triple
- expansion vefrigerator

The original lead spheres were replaced by lead mesh, Lead mesh {is made by expaﬁding
“lead-calcium-tin alloy sheets (fig. 4). Lead mesh was used as 2 test for {ts potentisl 25 an
alternative to lead spheres.

Each of the three displacer stages has a Rulon-band seal (see fig. 3) ehich is epoxied to the
lower section, and was machined to fit their respective bores in the cold finger. The seals also
act as bearings gquiding the reciprocating motion of the displacer.

The temperature of the coldest stage was monitored with a helium gas thermumeter. The 1st
and 2nd stage temperatures were renitored with copper-constantan thermocouples mounted on the
flanges of the cold finger. An electric. resistance heater was mounted to the third stsge to
measure the cold production. : :
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Figure 4. Magnified view of lead mesh

. The refrigerator was first run with all confectfng seals and a temperature of 9.4 X was
reached. Table 1 summarizes the major dimensions and operating conditions of the refrigerator.

Table 1. Major refrigerator dimensions and operating conditions

1st stage 2nd stage 3rd stoge
Displacer digmeters, @ 39.9 20.0 15.1
Regenerator: .
length, mn 39.4 29.4 24.5
mesh material phesphor-bronze phosphor-bronze lead
mesh fili-factor 0.4 0.4 0.4
Piston diameter, mn 62.5
Displacer stroke, @ 12
Piston strole, &3 32
Displacer-piston phase angle &0
_Charge pressure, psia . . - 89.6
Speed, cps . ' 640
Piston swept volume ¢.c. 100.8

3. Tests with clesrance seal

After a temperature below 10 K was achieved with 211 contacting seals, the diamster of the
third stage seal was reduced to provide a radial clesrance ‘seal. The seals/bearings on tha second
and third stage were responsible for quiding the displacer. The total indicated runout o&f the
clearance seal was less than 0.0002°, The refrigerator was re-run with a third-stage clezrance
seal of 0.C015" radial clearance. The test was then repeated with a 0.00C" radial clearance seal.

4, Simplified model of gap regeneration
Horking fluid leaking through the clearance seal flows past a long, narrow annular gap before
reaching the expansion space {fig. 5). The leakage flow undergces gep regeneraticn by exchanging

heat with the two concentric walls surrcunding the annulus. The loss in celd production due to
clearance-seal leakage is a result of imperfect ga3p regeneration experienced by the leakaga flow.
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Figure 5. Schematic of leakage flow passing through the
clearance seal and regeneration gap with dimen-
ston of the clearances exaggerated-

A model was developed to estimate the regeneration loss of the leakage flow.

In order to treat the involved regeneration theory analytically, = the following
simplifications are made. .

1. The temperature and pressuré of the fluid in the regeneration gap vary spacially with axial
. -position, z, only.

2.» The time-averaged wall temperature varies linearly with z.

3. The thermal properiies of both fluid and wall are constant.

4. The regeneration losses are the sum of the losses from two independent cases. In case 1, the
regensrator has finite heat transfer rate but infinite wall heat capacity. In case 2, the
regenerator has finite wall heat capacity but infinite heat transfer rate, and the fluid
pressure fluttuctes with time. C-

' Case 1. Finite heat transfer

The leakage with an average mass flow rate of mo, flows through an annuler regeneration gap
with average dianmeter D ‘and gap width s. If heat transfers between the fluid and wall through a
coefficient h, the enerqy eguation is:

a7 : ' .
T S - -
Mo a7 2wuh(rg 7). (1)

where Tg = fluid temperature
Ty = wall temperature

‘cp = specific heat of fluid

The heat transfer coefficient for flow througﬁ an annulus with equal linear temperatures on both
walls is given by [3]

h = 8.23 ;E . where k = thermal conductivity of fluid.
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With a linear wall temperature, eq. (1) can be integrated over the entire seal lengtk L to yleld

T, -T
To(L) =T, DL S = I

where Tp = temperature at the warm end of the regeneraticn gap,
Tc = temperature at the cold end of the regeneration gap,
A = 2vdLh

L

and

For laminar flow in the gap. the average mass flow rate in the gap can be expressed as

ho= woDd’ap

o- ]
1272 ue
where p = fluid density.
u = fluid viscosity.
d = clearance se¢al width,
£ = clearance seal length.
and

[}

89 = pressure drop along the entire seal length.

The regeneration loss due to finite heat transfer, g, is then giveh hy

qp = riocp(rg(L) -1,

or using eq. (2),
I, -7
. . <A
9, = ey _llvr.ii (1-27").

Case 2. Finite heat capacity and fluid pressure fluctuation

(2)

(3)

The wall hest capacity avaflab1e for regeneration is limited by the thermal penetration
depth. 6. of the wall material. Since heat transfer in or out of the wall over half of the cycle,

& 1s given as

/2

e 1
6= (Y

where  aq, = thermal diffusivity of the wall
w = angular frequency of the refrigeration cycle

Thus the wall heat capacity per unit length available for regeneration is Zpyc,®D8, where

Py and ¢y are density and specific heat of the wall materfal respectively.
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Since the effects of finite heat cepacity and fluid pressure fluctuation are time-varying,
the transient energy equation must be used to analyze the effects. Applying the energy equation
on a volume of fluid contained in a length of dz of the regeneration gap. one has [4]

s arw o1 0P 5)

-2 e 9.
s 3T puE TeE

where P is fluid pressure, If flow resistance is neglected and the assumption of infinite heat
transfer (i.e., Ty = Tg) is used, eq. (5) can be written as

£} o 3
Tg.1 2 _ 5 G T (6)
T I|WST IT

) §
vhere ¢ = pcy + prc" g
The . time-varying pressure and mass flow rate can be expressed as

P=Pp, - P cos wt {7

- -~

m=mcos (wt - 6) (8)
m=/2 m, .

The fluctuation of pressure and mass flow in the regeneration gap are ﬁwdeled as being in
chase with the fluctuation in the main working volume.

Using eqs. {7) and (8}, one can integrate eq. (6) to cbtain

c 3T

- 3
P _m P g it -
TQ [ S sin (st - 0] . ‘9)

The regeneraté% loss due to finite heat copacity and pressure fluctuaticn,'qc. is given by

the rate of flow of enthalpy, which 1s
® .
.= o é mcpngt
c
a3 PS5
z?‘c‘r;“‘gdt'
or
i
‘a

mcos 8 . (10)

N

9. ©

The total 1loss due to clearance seal leakage 1is given by the sum of qy and qc.
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5. Results and Discussion

Cold production of the triple-expansion refrigerator at temperatures ranging from 10 K to
20 K were measured. . In figure 6, the top curve shows the performance of the refrigerator with
line-to-1ine contacting seal, and the lower two curves represent tie 0.0015" and 0.002" clearance
seals. The differences between the top curve and the lower two are the losses in cold production
due to the leakage of the clearance seals. These measured losses are plotted in figure 7 together
with the losses predicted by eqs. (4) and (10). .
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Figure 6. Cold production at the Figure 7. Loss in coid production due
coldest stage io clearance seal leakage

© The discrepancy between the measured and calculated results is most likely due to the

- simplification made in the theoretical model for gap regeneration. Furthermore. friction heating -
by the contacting seal and siight eccentricity of the annular clearance seals were not accounted

for in the model. But the comparisons show that eqs. (4) and (10) give good first order

estimation of the loss dus-to the use of clearance seals in Stirling-cycle refrigerators.

This experiment shows that the clearance seal losses produce a warm-up of 1.6 K and 3.5 K
with clearances of 0.0015" and 0.002". respectively. This is an acceptable penalty in the design
of a refrigerator with long-1ife as the leading priority. Furthermore, the loss due to clearance
seals can be significantly reduced by using seals with smaller clearances., At the present,
refrigerator with clearance of 0.001" is 1in operation [1]. and the design of refrigerator with
clearances of 0.00075" s in progress [5].

6. Conclusions
Measurements from a triplé-expansion Stirling refrigerator show that the loss caused by
clearance seals is low and is an acceptable penalty in the design of a long-life cryogenic
refrigerator. The losses due to clearance-seal leaksge can be modeled as imperfect gap
regeneration. A simple yap regeneration model gives good first order estimation of these losses.

This study is partially funded by the Satellite Sysfems Division, Rockwell International.
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AN EXPERIMERTAL RECLPROCATING EXPANDER FOR CRYOCOOLER APPLICATION
Hosas Minta and Joseph L. Smith, 4,

Cryogenic Engineering Laboratory
Mazsachusetts Institute of Technology
Cambridge, MA 02139

An experimentel reciprocating expander has been designed -with features
appropriate for cryocooler cycles., The expander has a displacer piston, simple
valves, and a hydraulic/pneumatic stroking wmechanism. The expander has a valve
in head configuration with the valves extending out the bottom of the vacuum
enclosure witile the piston extends out the top., The expander has been -tested
using a CTI 1400 liquefier to supply gas at about 13 atm in the temperature
range 4.2 to 12 K. Expander efficiency has been measured in the range B4 to
93% while operating the zpparstus as a supercritical wet expander and in the
range 91 to 93% as a single phase expender. The apparatus can also be modified
to operate &3 a compressor for saturated helium vzpor,

Key words: Cryogenic expander; two-ghase expander; experimentélvgxpander;
‘reciprocating expander; expander valve actuator; expander efficiency. :

1. Introduction

Small cryogenic refrigerators have.been extensively and successfully used to meet the low
powsr refrigeration requirements of cryopumps, cryogenic sensors and clectronic systems at
temperstures above 20 K in tho past decade, Most of these cryococlerg have been bassd oa the
Gifford~McHahon, Hodified Solvay, Stirling, or Vuilleumier cycie. The modificetion required to
neet low power refrigeration needs below 6 K result in considereble increase in cost, power and
complexity, This wmakes cryocoolers based on workeextraction devices attiractive, particularly
becsuse of increased efficiency.

Large capzcity helium liquefiers invariably use the Collins two-~expander cycle, These units
use reclprocating expanders or turbceexpanders which appeor unattractive for scaling down to low
capatity helium liquefactién., In the case of turbo-expanders, this is because of an efficiency
penalty since the losses scale down disproportionstely with geometric size. By contrast, the
principal losses assoclated with the veciprocating machine are heat trensfer losses which wmay be
minimized by proper desfgn. These losses may be grouped, generally, into those affegtins the pouer
and those directly manifesting themselves as heat leaks to the working fluid.

The pouer losses are due to valve flow, leakage, mechanical friction, blow down, blow in, and
cycllc heat transfer. The cyclic heat transfer loss is the result of periodic heating and cooling
of the working gas by the cylinder walls., The incoming gas is warmer than the cylinder walls and
i3 therefore cooled while the cold gas after the expansion process is warmed by the cylinder walls,
The net effect iz that the expander processes more gas without a corresponding irncrease in expander
work per stroke. The heat {input loases consist of static heat leak, shuttle heat transfer and
cyiinder~piston gep pumping loss. ’
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Recent advances, especially in heat transfer analysis and experimentation have enhanced our
understanding of the losses associated with the expander, and analytical nodels of verying

sophistication and adequacy are now avallable for the losses1°3. This hes made it possible to
" design an efficient reciprocating expander, However, noise vibration and size considerations of
the work-absorbing assembly easociated with the conventional reciprocating expanders still limit
the practicality of scaling down these units., This paper describes an experimental reciprocating

expanderq which has been designed for high efficiency and uses 8 hydroulic-pneumaric drive
mechanism and a pneumatic velve actuatcr in place of the flywheel, brake motor, mechanicel cam-
actuator assembly used in conventional large capacity liquefiers. The device can therefore be
scaled down for cryocooler applications. :

- 2. Description of expander

The reciprocating expansion engine, Fig. 1, consists of a long displacer closely fitted inside
a long cylinder which hangs from u base plate, which is the top plate of a vacuum chamber. Above
the base plate 12 an adjustable bhydrauvlic-pneumatic system for piston motion and valve control.
The valves for the engine extend dowm from the cylinder head. Surge chambers are located ‘at the
"inlet and exhaust of the expansion engine to convert the pulsatile flow to a relatively smooth and
continuous flow, Detailed description of these components fnllow,

The cylinder {3 mnade of 3084 stainless steel because of its high strength to thermal
conductivity ratio, low specific heat capacity and lack of brittleness at low temperatures. - The
thin wall of the cylinder coupled with low thermal conductivity of the material minimizes the
conduction loss., Stiffening rings spaced 1.5 {n apart around the ocutside diameter keep the tubing
round. The thin wall tubing 1s TIG welded to the valve block (cylinder head containing the valve
ports) at one end and a thick wall tube at the warm end used for mounting the engine. A solid
phenolic micerta rod is used for the displacer because of it3 good wear characteristicg., Also the
thermal contraction characteristics closely match those of the stainless steel. The diametrsal
clearance betwesn the pigton and cylinder 1is 0.006 in and i3 chosen by consideration ¢of the shuttle

“heat transfer oss, the possibility of seizure due to smell solid impurities and the possibility of
displacer=cylinder contact.

The engine uses a single buna O-ring seal H at the warm end of the displacer-cylinder
assembly. An oily felt washer L provides continuous lubrication for the O-ring., Thus there is
minimal wear which reduces the possibiiity of wear material contamination, Also the smell
friectional heat generated is dumped into the atmosphere and doez not detract from the cooling pover
of the engine, C

Since the radial clesrance on the 33-in-long displacer N 18 0.003 in, only a small
misalignment will cause the displacer-cyiinder essembly to bind. - The vertical alignment of the
engine avoids gravity side loads and associated rubbing. The displacer i3 rigidly threaded to the
piston rod D of a tandem cylindor assembly A. The tandem cylinder has four rcd sezls and two
plston seals. Thercfore the integrel unit consisting of the tandem piston rod and -the engine

. displacer ride on a total ‘of seven supports of close tolerances, By proper initial positioaing,
the unit can be maintained reascnably well aligned in the vertical, The axea of the engine
‘eylinder and the tandem cylinder are aligned by plece C, which fits inside the engine cylinder E
and ocutside the bushing B at the end of the tandem cylinder, The cyiinder is rigidly supported at
the warm end on top plate H and extends into the vacuum chamber, The warm end of the cylinder E is
attayhed to the plate by a split ring, groove and clamp flange, G and F.

Since throt*ling in the valves degrades the performance, the valve ports are located in the
cylinder head to allow for reasonably large ports with minimum throttling. This port location also
helps to reduce the clearance volume. The ports are 1/4-in holes drilled through the valve
block/cylinder head O which 13 TIG welded to the cylinder J. Tubular valve sheaths S of 304
stainless steel are also welded to the valve block and extend from the bottom of the engine. These

tubular sheaths enclose the valve pull-rods Q. The valve face, P, {3 & teflon disk mounted on ths
‘ecold end of the phenolic micarta pull-rod with a screw and locked in place with a belleville
washer. The valve is held closed by the spring 4in the miniature air cylinder which actuates the
valve., A buna O-ring serves as the warm end seal ‘on the valve rod which fits closely in the
sheath, Becauss of the rather short travel of the pull-rods, no lubricant reservoir is provided
for the O-ring. The pull rod is adequately guided by the sheath since the clearance in the sheath
i3 only 0.003 in. o :
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3. Hydraulic-pneumatic piston-motion control systeh

. ‘The overall layout for the control system is shown in Fig. 2. Air limit switches send
position signals to the air controller. The controller sends direction and- speed signals to the
control valves to control piston direction and speed. The hydraulic controller absorbs the
expander work, and sets three different speeds during the exhaust stroke, the intske stroke and the
expansion stroke. The expander work is dissipated in flow control valves in the hydraulic circuit,

The principal components of the hydraulic controller are three adjustable flow control valves GI,
G2, G3 and a three-way hydraulic valve H (Fig. 2). The three-way valve i{s a two-position, single-~
air-piloted, spring-return valve. The oil flow through this valve is through valve G3 when there
i3 air pressure at the pilot, or through line G4 when there is no air pressure.  The adjustable
flow control valve {s a throttle and check valve combination which allows throttled flow in one
direction and full flow in the other. Valves G2 and G3 restrict flow during the power stroke,
while valve G1 restricts flow during the exhaust 3troke. Therefore the setting on valve 41
determines the engine speed during the exhaust stroke. Valve G3 is by-pzased during this stroke.
During the intake stroke, air pressure at the three-way valve H switches the oil flow to valve G3
which meters the flow together with valve G2. The valve settings on these two valves therefore
determine the piston speed during the intake process. At cut off, air pressure is released on the
‘three-way valve and the spring returns the oil flow to line G4. Valve G2 is now by-passed, There
is full flow in valve G1 and metered flow in valve G2 which sets the piston speed during the
expansion process. A bleed line L 1s provided for the hydraulic circuit. Also an eir-pressurized
oil reservoir is provided to maintain the oil under pressure and eliminate air leaks into the
.hydraulic eircuit. Hith air in the oil the piston velocity cannot be controlled. .

The heart of the air limit switch system is a miniature double-plunger tuo-position fully
ported four-way spool valve F, Fig. 2. The valve 1s supported by threaded rods attached to the
tandem~-cylinder assembly. A yoke, BB, F1, and F2 is attached to the free end of the piston rod.
At maximunm volume, surface F1 actuates the plunger and at minimum volume surface F2 actuates the
plunger of the spool valve, The stroke of the machine i3 adjusted by adjusting tha vertical
position of the four-way valve and the distance between F1 and F2. Threaded rods and nuts
facilitate these adjustments, ' '

The cut-off suitch E sends a position signal to the pneumatic control at the end of the intake
process, Switch E i3 a heavy duty minlature air limit switch., It i3 a two~position, plunger-
actuated normally-closed valve. A cam, E1, attached to the pisten rcd actuates the cut-off switch,
The output signal from switch E1 is used to actuate the expander inlet valve and the three-way
hydraulie valve in the hydraulic controller, The cut-off switch 13 attached to the tandem cylinder
with threaded rods for position adjusument. -The expander cut-off point is adjusted by changing the
positton of this switeh. :

The two . principal components of the pneumatic controller are a directional valve C and a HOT
element B, which is described in the next paragraph. The directional valve is a heavy-duty, two-
podition, double-air-piloted, fully-ported, four-way spool valve. - The pilot signals to operate the
valve are supplied by the limit switches. The four way directional valve switches pressure and

--exhaust to the. double ~acting- pneumatic cylinder, thus providing pneumatic power for both the up
(expansion) and dowm (exhaust) strokes. Thus the pneumatic driver can drive the piston even vhen
no helium is being processed by the expander. This feature allows a later adsptation of the
expander as a compressor. : -

The purpose of the NOT eiement lu to provide the signals to open the engine inlet valve only
at the end of the exhaust stroke, ar>= the exhaust valve hag been closed and to clese the inlet
valve at the cut-off point of the power stroke. The two input signals to this element are a signal
from the cut-off awitch to input port 1 and another signal {rom the end-of-stroke limit switch F to
input port 2. The output of the NOT element i3 pressure at port 3 if there is pressure.at input 1
and if there is no prassure at input 2. During the intake stroke the switch E is depressed sending
pregsure to port 1 of the nol element B. There i{s no pressure at port 2 of B so pressure at 1
passes to 3. This pressure holds the inlet valve open and switches valve H causing hydraulic valve
G3 to be sctive. At cut off, E switches which exhausts the pressure at 1, With no pressure at 1,
the HOT element gwitches which exhausts the pressure at 3, closes the inlet valve, and allows valve
H to spring return. At the end of the expension stroke, valve F switches sending no pressure to E
and pressure to port 2 which also opens the the discharge valve, Switch E has no prezsure and no
influence as it i3 depregsed during the discharge stroke. At the end of the discharge stroks
valve, F switches pressure through E to port 1. Only after the pressure in the discharge valve
actuator has dropped, does the HOT element B see no pressure at 2 and switch pressu:e frem 1 to 3
which the opens the inlet valve.
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Figure 2. Hydraulic-pneumatic control system'

4. Debugging the pneumatic circuit .

The hydraulic and pneumatic system was assembled from standard catalogue item components. -
Since these were not optimum components and their internal design and port sizes were not readily
available, an experimental rather than an analytical approach was used to tune and adjust the
system. The pneumatic circult was instrumented with several pressure transducers. The englne was
instrumented for cylinder pressure and piston position. Data from these instruments were observed -
and recorded with a digital oscilloscope. and subsequently transferred to a VAX computer for
analysis, This data was sufficient to tune the system for satisfactory operation. Typical curves
showing the phase relationships are shown in Fig. 3.

5. Time sequence in the expander

Fig. 3 shows piston position, iniet valve actuator pressure, exhaust actuator pressure, and
expander cylinder pressure on the same time base for a typical cycle. Starting at TDC (minimum
volume) with the inlet pressurized {open) and the exhaust closed (dapresaurized), the piston moves
up at low velocity until the cutoff point (CO0) is reached, The inlet valve closes and the
hydraulic three-way valve switches to a low flow resistance (GY of Fig. 2). The cylinder pressure
falls rapldly and the piston velocity increases, When the plston reaches BDC (maximum volume) the
exhaust pressurizes (opens) and the piston reverses direction, The pisten moves rapidly to TDC
(minimum volume). . Subsequently the piston switches direction, the exhaust depressurizes (closes),
and the three-way hydraulic valve suitches to high flow resistance G3. The inlet then pressurizes
(opens), to repeat the cycle. Jhe cut off switch resets on the exhaust stroke, but has no action
since it has no pressure supply. .
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Figure 3. Expander cycle

Fig, 3 alzo shows that the times required to pressurize and depressurize the valve actuators
are significant. The inlet valve actuator takes about 0.14 s to 0.16 3 to pressurize up to full
pressure (80 psig). However it takes about 0.06 to 0.085 3 to reach the level high enough to
switch the valve. On the other hand, depressurization takes azbout 0.20 to 0.24 3. Again the valve
closes after about 0.16 s. . Similarly, pressurization of the exhaust valve actuator takes between
0.10 and 0.32 s and depressurization &bout 0.14 s, The quicker responge of the exhaust actuator
results from its belag connected directly to the 1l{mit switceh whereas the inlet actuator is

_connected to the limit switeh through a NOT element with a smaller port size than the air limit
switeh (Fig. 2). Tnere i3 always a residual pressure at one of the actuators whenever there is
pressure in the other., The residual pressure {s about 6 psig for the inlet valve actuator and 12
psig at the exhaust valve actuator. There s no pressure in either actuator only during the
expansion process (and also briefly at the end of the exhaust stroke before the inlet valve opens).
There is also evidence of pressure 3signals propagating between components through the air pressure
source because of the source impedance, ) : ’
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6. Expander diagrems

Figures 4, S5, and 6 show Lypical pressure-displacenent dizgrams for the expender, The
diagrams show a significant drop in pressure during the intake process. A surge ciamber of
approxtmately ten times the expander displacement was provided at the inlet and the piscon speed
during intake was kept minimal. The cause of the pressure drop §in spite of these precautions is-
the high flow resistance in the J-T stage of the Model 1800 liquefier that supplied the inlet gas.
4 fairly constant inlet pressure uas obtained in Fig. 4 for operation in the single Zhale reglon
with a slou intake process. Table I summarizes time and speed distribution for a3 typical cycle.

Table 1. Typical time distribution for éxpnnder cycle

process piston speed tice

(ia/s) (8)
intake 0.21 1.87
expansion g.14 0.28
exhaust 7.76 0.38
twell at TDC - 0.10
duwell at BDC - o.04

total 2.76

: The eycle of Fig. & has a blouw down loss, while, in contrast, the cyecle in Fig. 5 shows
complete expansion. It was possible to adjust the cut—off point Yo ensure negligible blow doun
loss at the expense of expander capacity. The two cycles' just described in Figs. 4 snd 5 were
obtained fu- single phase operation of the expander. The cut-off ratio 13 about 20§, which is
defined as cylinder volume at the closing of the inlet valve divided by the maximws cylinder volume
at the end of the stroke. The diagram of Fig. 6§ was obtained for a compersbdle cul-off ratio ernd

for operztion in a two-phase expander mode. The diasgram indicates 2n overexpansicn followed by a
small recoczpression. .

7. Evaluation of emgine perforuance

Tne reciprocating expander was tested as a supercritical wet expander and as a single phase
‘expander using a CTI ogdel 1400 liguefier to supply gas at about 13 atw in the temperature range of
3.2 to 12 K. The efficienay of the wet expander is defined with reference to Fig. 7 as

efficiency = U /¥ (@)
act rev

vhere

actual work = ¥ = m(hl'— h

act' 3) * Qact

reversidble worxvz Hrev = m(h1 - h3) +Q

rev
mass floy rate = w

actual refrigeration = Qaet

‘reversible heat input = Qrev = m T‘sat(s3 - 31)

inlet enthalpy = h1

saturated vapor enthalpy = h3

The actual work is also given by the difference between the indicated work and the heat leak.

" This gives an alternative mpethod for evaluating the efficiency. The wmeasurementa required to

evaluate the performznce are therefore: 1, The state (temperature and pressure) of the working

fluid at the inlet and at the exhaust, 2, The actusl refrigeration effect. 3. Thne indicated work
from a P-V trace., H. Hzat leak by ststic conduction 5. Heat leak due to piston zotion..

The experimental setup for obtaining these measurements i{s showm in Fig. 8. The states of the
heliua ware gpeasured in the inlet and in the heater tanks. The pressure uas measured with a vare

pressure gage connected with capillary tubing. The temperature was measured using helius vapor
pressure theraometers. : : :
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figure 8, Expander test setup

Actual refrigeration capacity was measured as the power to the heating element. The heater
power supplied was adjusted to be just sufficient to evaporate the liquid resulting from the
- expansion process so that the leaving strezm was saturated vapor. The helium vandr preasure
" thergometer wa2s provided to wonitor that the gas was not overheated, It was also found necessary
to use a liquid level gauge tc maintain a steady liguid level in the heater tank. .

- The indicated Work Was celculated from ceasurements of the pressure {inside ths eupsnder
working space and the piston position, The pressure uwas pgezsured using a high-impedance
piezoelectric miniature pressure transducer operating at expander teuperature. The charge output
‘of the sensing element, a quartz crystal, was fed to a signal conditioning codule and converted
into a proportional voltage signal. The transducer was threaded into a mounting adaptor which was
connected to the cylinder through a short capillery tube.

. The static heat lesk to the expander was measured with Che engine valves propped open. The’
- expander and the peripheral apparatus were then cooled down to the operating tempercture by
operating the liquefier on the J-T valve. The two-phasze flow from the J-T valve was gradually
reduced umtil a small teamperature rise was detected across the expander. The tesperatures were
recorded from vapor pressure thermometers., To measure the mass {low rate, th2 cold return gas from
the engine was warmed up external to the liquefier and then passed through a calibrated cass flow
transducer. .

Piston wotion heat transfer loss wes measured with the setup shown schematically io Fig, 8.
The engine was first cooled down to the operating teamperature, Both valves were propped open and
the refrigeration capacity of the lique’ier operating with the J-T valve was determined by
measurement of heater power required to achieve =zaturoted vapor at the heater tank discharge. With
the valves still propped open, the piston was shuttled by means of the piston moticn control
system. Because of the heat loss through this piston motion, the heater supply pouer to boll away
the liquid (indicating the refrigeration capacity) waa reduced., The difference betwsen the tuwo
measured capacities gave the loss due to the piston motfon. ’ ' '
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8. Results
Typical state point measurements are summarized in Table II. For the data of the Table, the
single phase expander efficiency is 93 percent, For other tests the single phase expander
efficiency ranged between 91 and and 93 percent.

Table 2. Expander performance data

single phase two phase

operation operation
Inlet pressure (atm) 13.21 13.24
Inlet temperature (K) 11.51 6.55
. exhaust pressure (stm) 1.2 1.2
exhaust teaperature (K) 4.72 4,42

The performance of the expander operating in the two-phase region was evaluated. Typiéal data
ares )

Refrigeration effect = Q ot © 33.4 4

a

Kass flow rate = m = 2,18 g/s
(from displacement and inlet state)

Reversible work =z H = 21.84
rev

Actual work = H . = 20.4 W
. act

Expander efficiency = 94%

Thé wet expander efficiency was also calculated from the indicated work and the measured heat
leak losses, Typical data are:

Indicated work = W 4 = 21,44

in
Piston motion loss = 1.3 Y

.Static heat conduction loss = 1.6
Actual work = dact = 18.S‘H
Expander efficiency = 84.5%

The two nethods always gave values which differed by less than 10 percent. A major source of
inaccuracy. in the result i3 calculating the mass flow rate froa the expander inlet temperature

9. Conclusion

The hydraulic-pncunatic mechanism for piston motion end valve control enabled fairly good
control cver the cycle events in the expansion engine. The high efficiencies measured demonstrate
the potentisl for scaling down rcciprocating expanders for cryocooler applications.

The expander was run oaly long enough to cbtain performance data. Ko endurance data was -tgiton
because the system was assembled from inexpensive catalogue items which were not designed for long
1ife., Host of the experimental difficulties were the result of the cecampromises required to use
standard items for the hydrazulic-pueumatic control system. .

The research plan 13 to modify the apparatus for testing as a vapor coapressor operating ot

4.2 K. This test will requirc modiffcation of the connections to the hellum liquefier end a

" modification of the valve control seguence, These modifications are rather siopie since the

apparatus was designed for the ccapressor tests. If the compresgsor tests are 23 successful as the

expander tests, the plan i3 to demonatrote the full potential of the saturated vapor helium

liquefaction cycle, This will require the design en expander and compressor wmodule to mateh the
model 1400 liquefier, and the replacement of the J-T heat exchanger in the liquefier.
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EXPERIMENTS WITH A FULLY INSTRUMENTED SPLIV STIRLING CRYOLOO 133
Alsin FAGRE, Sorge REALE, Philippe BERNHEIN

L'Air Liquide
Advanced Technslagy Division
Sassenege 38360 FRANCE

A developﬁent program is bexng undertaken by L'Air Liquide in order
to establish a. practical model that can be used to accurately size and .
optimise split stirling eryoccolers.

‘For any given applicstion the performance of this type of refrigera-
tor must be careiully optimised end,in sddition,the specifications for
one spplicstion may very greatly from thoge needed for another (eg. ope-
rating tempsrsture, cold powsr, cold fFinger voluse, size and dead volume
in ths interconnecting line etc...). The final optimiszed design for any
particuler applicstion requirss time consuning end expensive testing as
no system exists for precisely celculsting the design from the operating
parameters.

It wes neceasary to develop o practicel modsl that could be used to
extrapolate existing designs to meet different specificztions. However in
order to do this deteiled knowledge of ‘the dynemic operating paremcters
of this type of cryocooler was requirsd.

The. first stage of the prégram hes been to fully instrument e refriéara—
tor so that vaerious dynemic pseramstere could bs msasured, -

The escond stege of the program will involve the application of thege
meaau:ementa to the design end optimiaation of a range of coolers.

Key words H cryogenic rofrigerator, cryocoolers aplit stirling coslers,
refrigeration cycle calculation model, displecer, regenerator, pneumatic
displacer drive.

1 -« Introduction

L'Air L1cuide has bsen developing end producing minleture cryocoolers for the last ten
yaa:s. Host of thls work hes been eimed at products meinly intended for military applications.

In addition to the range of opan cycle coolers and flesh coolers (esbient to 80 K in about
one second), there is an incressing demand for coolers which cen cperste virtually coptinucus?y,
end it was to mest this demand thst L'Air Liquide undertocx the development of split stirling

cryocoolers,
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As a result of this work an optimised split stirling cryocooler has been
designed and built . This machine is shown figure.l.

EFRIGERAT
@ - e

A majar develapment program was necessary in order to optimise :
- the reliability of the cooler and
- the efficiency of the refrigeration cycle.

In order to improve reliability, considersble effort has been devoted
to the development and selection of technologies to min1m130 i

- leaks .

~ wear due to Frxction

- pollution caused by the compressgor lubricents.

. The estimatéd vithout mointenance operating time, hss been progressively
increased from 500 h to 2000 h (actual test results tange from 3000 h to 6000
n).

In parallel, the efficieacy aof the refrigeration cycls hes .been optimised
for given and fixed values of various system parameters. These parametscs
include : :

thermal mass to be cooled,

physical size of the dewar,

- thermal losses in the dewar and

distance betwecen the dewar snd the compressor
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Some of the resulting operating cheracteristics ere .shown figure 2.

It is evident that for other applications these parameters, and to sonme
extent the specifivations (environment temperatures, cooldown time...), may
vary significantly. Cecnsiderable effort would be required to extrepolate and
optimise the existing design for other applications. Consequently 8 new deve-
lopment program was undertaken, concentrating on the development of a design
model which would permit a range of cryocoolers to be optimised to meet speci-
fic requirements.

Figure 2. L'AL RH 820 split stirling cryocooler csracteristica

Nominal data

bass temperature 76 K.(?197°C)

opereting temperature rénge - 40°C « 70°C
éboling capacity at 76 K 150 - 1000 mH at 20 °
. . 150 -~ 800 mW at 70 °C

'Coofdown time 4 min Ce T

power supply _ 20 - 30 V de
fpower‘abso:bed 60 ¥ at maximum cooling capacity
: 25 ¥ with aAZUO mi¥ heat load.

system reliability 2000 operationsl hours

(without any meintenance or gas purglng)

= v S e tem Gm R cmR bt TER e Sk S M A tem e e e

2 - Initial design criteria

2.1. Method selection

Varicus starting points were considered, as there clreedy exist differsnt.
theoritical and practical operating modsls for the Split Stirling cycle. Such
models vary from the extremely simple where, for instance the cycle is essumed
to be isothormel, to the vastly complex, where each part of the cycle is mode-

. led in deteil.

. ‘The first type of model is not sufficiently eccurate to optimise @ practi-
“cal machine and the second requires the use of complex calculaticns and calcu-
lating methods, access to which is not always essily avaxlable.

Moreover, in order to verify any of the existing modela 1t is necessary to
compare the peformance they forecast with the performance and results obtsined’
from real machine, epecifically in the case of the split stirling cycle, where
the phase shift between pressure and displecement of the pisten, and conse-
quently the perfarmance, depend greatly on technologicel preblema (friction,
leaks etc...).The corresponding parameters can only be aetermined by experiment.

In order to do this one must have & system which can be used Lo messure
all the relevant cycle porameters during the operation. Two experimontal
aproaches can be censidered

- either build specific test facilities and measure the different parame-
tere (pressure drop, leaks, friction losds, efficiency) under static
conditions.

- or equip 8 real machine with different instruments and usc it to neaeutp

the same or equivalent parameters under actual working conditions i.e.

under variable cyclic pressure, temperature, volume etc...
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The first method is the simplest.way to handle fhe measurement problems;

However, it requires the construction of several specific test assemblies
and the extrapolation of experimentsl results to actual cryocooler performance
needs elaborate calculation. It will also include approximations resulting from
discrepancies between test conditions and opersting conditions. This wmethod
seems well adapted to the development of a rather multi-purpose model fo. the
prediction of performance for a wide range of machines.

The second method, i.o. measurement of internal parameters on an opereting
machine, presents l‘echnulogical difficulties due to the small size of the cryo-
cooler esubassemblies and to the high rate of change of the parameters concer-
ned. Provided the sssociated problems can be solved, this method enebles *ne
definition of a rather simpler model whlch is well edapted to the sizing i si-
milar ' machines.

In view of our specific requirements, this second method has been selec-
ted. Our efforts were concentrated on the selection and development of the mea-
surement methods and the ‘measuring equipment.

2,2, Operating procedure

Generaly speakxng the starting point for cryocooler sizing is the power re-
quirement at the end of the cold finger. This nett cooling power results from
the difference between. ; .

- the cold power generated during each cycle by the gas expansion cr j}dv
where P-is the pressure at the cold tip and dV¥ the variation of the cold
volume and

- the thermal losses (heat conduction, shuttle losses...).

PV diagram recardlng and simultaneocus measurement of the nett cooling power
enable approximation of the total losses and the verification of tnp correspcn—
ding values calculated from the model.

In the same way, instantaneous measurements of pressure, temperature and
volume at both, cold and warm ends of the cold finger can be used to calculate
regenerator efficiency, pressure drop, etc...end to eestablish the correlation
between the thermodynamnc gas cycles at both ends of the finge

Identical measurements in the compresaor cylinder(s), the compressar crank
case and the pneumatic spring volume of the cold finger give infermation which
can ‘be used to determine the total pneumatic power absorbed by the gas and the
different losses due to

- ths gas leak from the compressor cylinder to the crankcase

- the gas leek in the pneumatic spring

- the pressure drop in the connecting line

“A power balance in the compressor (friction losses, motor efficiency, power
supply and electronic efficiency) gives the required electrical power,

- In parallel the force balance in the pneumatic spring allows a comparison
between ths forecast and actual displacement of the piston to be mads thus
determining the sizing of pneumatic drive .

.Hith this step by step ﬁethod, based on the previous experimental optimi-.
‘sation of a perticular cryocooler for specific operating conditions, cryccoo-
lers can be designed for differents conditions corresponding to other specifi-
cations.
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. However, in order to do this the Following parameters must be measured and
rgcorded :
" =~ the pressure and the temperatura at both cold and warm ends of

the cold finger

- the pressure in the compTessor cylinder(s), the pneu-
matic spring and the compressor crankcases. .

- the position of the regenerator~displacer piston and of the compressor
platon(e)

- the gas flow in the connecting line

This adds up to a total of 10 operating parameters.

3 - Experimental arrangement :
3.1 - Test bed :

A RH 800 crycccoler has been used, which is the first development version
of the present standard RH 820 unit. The RH 800 has the“ " following differences
in comparison with the present machine } '

- .single cylinder compressor {(The R H 820 is a flat twin compressor to
reduce vibration) .

~ No temperature conttol (the RH 82G model is aquipped with a cold end tem-
perature controller to monitor rotational speed and thus cold power with
respect to &actusl dewar heat losses when operating over the required -
-~ 40°C to 70°C temperature range),

The rotatxonal speed can be adjusted from 800 to 1500 RPM, Apart from rota-
tional speed other ooerating parameters can be sdjusted : -

- the meen pressure (from 9 to 25 bar)

- the connecting rod diemeter of the pneumatic displacer spring

- the cold end temperature

A heater in the test Dewar allowed the temperature to be sect at the desxred
lovel,

},2.‘Opetating method : -

The refrigerator was equipped with the measuring instruments mentioned
above which had to be adapted to cape with the smal‘ sizp and to special opera-
ting requirements, such as T
’ - no increase of dead volume (pressure)

-~ no increase in heat loss (temperature)

- no perturbation of dynemic balence (displacement)

- high frequency responge (cycle can last 50 ma and less)
- small dimensions

3,2.1., Pressure measdrement :

The pressure gensor must meet the following requxrements :
- minute size (sensor diameter 1,5 am ) . ’

- no dead volume (less than a ch mm3)

- frequency respanse 10 kHz :

high offset : small pressure variations at a high mean pressure (in
.crank case and pneumatic spring)

- low temperature operation (down to 50 K at cold end)

The two last requirements become increasingly difficult when the first
ones are met (problems of the differential pressure, sensor output variations
due tt large temperature differences).
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3.2.2. Temperature measurement :

Whilst wall temperature messurements at the warm end presant ne gpecific
problems this is not the case Ffor the gaas temperature mreasurements, spsecifi-
cally in the cald expension volums, Thermel inertis requireaents lsado to the
choice of resistence wire of } to S/km.

The compromise betwsen power input and teapsraeture resolution gt cold end
hag been difficult to reach. : .

3.2.3. Diaplacement measurenent

The small volume available, both on the cold finger end on the compressar,
as well as the problem of not disturbing the equilibrium of the system, have
limited the cheice to.  opticel and Eddy current sensors. Aveilibity probloms
with theso measuring sensors have delayesd ths optical measurementc.

The Eddy current sensors have been installed perpendiculer to the axis of
the piston movements and meesure the displacsment/distancs by meens of an incli-
ned groove in the piston, which is machined between ths piston ringa.

3.2.4, Flow measurement -

) Ihough difficult, a hot wire flow meter was instelled in & 1 ma dismeter
tube, sllowing the flow neasuranants to be mede.

3.2.5. Data recording

: - The raﬁidly changing perameters required the use of a high perfoermsnce,
real time data logger to achieve high resolution (better then 1 %) =t o rate of
more than 100 samples per cycle for 10 neasurementa, some of which ere low le-
vel.

3.2.6. Power meesurement

A colorimetric bench was developped to messure tho power balgncs in the
compresor module. The compressor @module was immersed in a beiling Froon bath .
The freon vapor from the bath was condsnsed end welghed in ordar to measure the
hest input tc the bath.

,Comparxeon with electrlcal input and PV measurements in the CORPrososr cylinder
gives an estimate of

- motor inefficiency (joule losses, eddy current losses)

- frictian losses i

‘- non isentropic comprescion

4 - First experimentel raesults

‘A considerable amount of develapment work wes required due to problems
encountered with thess typs of measurement.

So]ution= have been found end several hundraed sats of parcmaters hove been
tested, each set consisting of : :

- mean pressure

- campressor motor revolution speed .

- connecting rod diemeter for displecer

- ragenerator diameter in the displacer

- cold end temperature

"Some exemples of the recorded data sre shown in figurs 3.
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The diagrams 3a and'BbQE§preaent an optimal situation. The PV dia-
gram is wvirtuslly rectsngular. The displacer moves exactly at the waximum and
minimum pressures. ’

‘The diagrams 3c and 3d respresent a non-optimised situation

A shape coeffxclent has been defined in order to measure the level !
of optimization . T

The veriations of the: shape coefficient as a function of the parameters
listed sbove and the influence of the connecting rod diameter of the displacer
in connection with the other parameters are shown in figure 4.

This figure emphaexzea the importance of pneumatic drive aizing in order
to have the proper phase shift and thus the maximum cold power.

In addition it illustrates the difficulty in optimising a cryocooler for a
wide operating range. A cryocoler can be optimised for the highest frequency
and the maximum pressure and hence have the proper phasing at maximum cold po-
wer output resulting in the shortest cool down time and, non-optimised perfor-

mance under nominal conditions or vice versa.

For instance a cool down time of less than 2 minutes has been obtained:
with a particular design, at the cost of lower specific performance: under steady
state canditions,

e

5 - Conclusion

" The first steps in experimental modelisation of the split atxrllng cycle
'have been made. Haeving solved the delicate measurement problems a large amount
of experimental data has become available and now awaits processing. The expe~
riments described sbove give & better insight into the cycle and a better
understanding of the various parameters involved with the dimensiagning of
cryoloolers. :
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LO¥ FREQUENCY SPLIT CYCLE CRYOCOOLER

S. X. Bian, Y. D. Zhang, K. ¥. Hen, L. Hang, and Q. C. Hu

Department of Power Machinery Eﬁg1neeriﬂg
Xian Jiaotong University
Xian, China

" A.split cycle Stirling cryocooler with two different drive motors and
operating at a8 low drive frequency can have high thermodynamic efficiency.
The temperature of the cold end of the cryocnoler varies with drive frequency,
voltage of the input electrical power and initial charge pressure values. The
cryocooler operating at 8 Hz can provide 7 watts of refrigeration at 77 K for
© 230 watts of electrical input power.

Key Hords: High efficiency; low power; Stirling cryococier.

" 1. Introducticn .

Cryccoolers for infrared detectors must have hich efficiency, seall size and weight, low
vibrational levels, high refiability, rapid cooi-down and simple operation. If they are to be
used in satellites, long unattended lifetime s also of great iwportzasce [1]. These requiremsnts,
genera11u pﬂak1ng, can be satisfied by the Stirling cycle, and improverents o the operation of
Stirling coolers have been reported in recent years [2]. In the case of direct crankshaft drive, .
it is not alvays possible to obtain ideal dymamic ba}nnce and the resulting vibrations may effect
the performance of the infrared elements. For this reason, the split cycle was developed.
Rowever, the nct refrigerstion of the split cycle, either driver pneumatically or by a linear.
motor, is small. In order to get more refrigeration without sacrificing efficiency, we have
. tested a low frequency split cycle cryocooler which give 7 watts of vefrigeration at 77 K for an
input power of 230 watts.

2. Description

The prototype cryocooler consisted of two parts, a compressor unit and a displacer unit,
which are connected by & swall diameter tube 30 cm tong. Figure 1 shows a sketch of the
cryccooler. The compressor wnit is a modified Stirling refrigerator driven by 2 small BC moter se
that its speed can be easily controlled. The displacer unit is driven by a separate B¢ lincar
wotor. The cold displacer is made of stainless steel. The case of the displacer is made of epoxy
- glass fibre in which a stainless steel uet matrix is cmbedded. The phase angle betuwesn the
compressor piston and the displacer is controlled by an electronic system. The consuinption of
powar for the DC linear motor is less. than 10 watts. Using tue DC motors with vespective voltage,
control devices and the electronic systea, it is possibie to conveniently and individually control
and adjust the speed of the compressor, the stroke f the displacer and the phase ang?e between
the compressor piston and the displacer.

3. Results

1t s well known that the performance of the cryccocler is dependent on the charge pressure,
the speed of the motor, displacer stroke and compressor stroke, when the diameters of the
covpressor and displacer ave given. Because tihie compressor and displacer are separated and drivea
by different 0C motors, the speed of the compressor and the displacer stroke can be individusliy
adjusted and ccntrollcd {3]1. Hence there is an eitra paramster - input voltage - added to the
performance of the cryocooler [4]. ’
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3.1 Influence of Input Voltage to Linear Motor

Nuring operation when the input voltage to the linear motor is varied, the stroke of the -
displacer is changed, and the performance of the cryocooler is varied. Figure 2 shows the
variation in the performance of the cryocooler. As the input vcltage incresses, the stroke of the
dfsplacer increases rapidly. For input voltages greater than 18 ¥, the stroke is almost constant
(curve Z). The temperature of the cold end is almost constant unti) the input voltage is over 27
V, when the temperature of the cold end slightly increases (curve T_ - vd). The curve "d shows
variation of input power of the linear motor with Vd. ) ¢

3.2 Influence of the Speed of the Cryaccoler

It is well known that the performance of the cryocooler is dependent on speed for 3 constant
charge pressure. Figure 3 shows the variation of the temperature of the cold end and of the
stroke of the displacer with the speed of the cryocosler. The T_. of the cold end is obtained at
3 speed of 480 RPM. The stroke of the displacer also varias witﬂ‘gpeed. The curve illustrates
that if the operation of the cryocooler deviates from optimum, the losses increase rapidly.

. 3.3 1Inflyence of Charge Pressure

.~ The cryocooler was operated with charge pressures ranging from 3.92 bar to 7.84 bar, Figure
4 shows that the temperature of the cold end varied with charge pressure which can be explained by
the change in the stroke of the displacer as the charge pressure is varied.

3.4 Exergy Efficiency

This cryocooler has been tested at about 8 Hz. With the input voltage to the linear motor of
18 V and charge pressure is 7.84 bar, the minimum teisperature of cold end is about 34 K. The
cooling time from ambient temperature to T_. 1is about 20 minutes. The exergy efficiency of the
cryocooler n, is computed as follows [53: mn

n = 9& Ta a1 (1
e Hior \Tc
where Q. - - net refrigeration (M), T - - ambient temperature (K},
Miog = - total consumed power (W), ‘and »Tﬁ - - temperature of coid end (K).

It is rather satisfactory that a small cryccooler showed an exergy efficiency of §.8%. Table 1
shows the exergy efficiency of -different Stirling cycle cryocoolers. ’

Table 1. Exergy Efficiency of Different Stirling Cryocooler

. N Refrigeration Consumed - Exergy
Type . (Watt) Power Efficiency
: : (Watt) NE3)
Rhombic driven © 0.3 (68 K - 70 K) 30 3.68 -'3.25%
: ‘ 1.5 (135 K - 150 K) 6.11 - 5.0%
Pneumatically driven 0.87 {73 ¥) 48 5.6%
Entirely electromagnetically driven[6] 0.5 (80 k) 30 4.6%
Prototype 7 (77 X) 230 8.8%

4. Conclusions

The prototype cryocooler showed that a single stage Stirling cooler with 2 two drive system
and phase angle contro® can be operated with satisfactory results. It is possible to develop this
drive system for larger systems and to minimize size and height.
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Figure 1. Sketch of the cryocooler.
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PASSIVE MOTION CONTROL OF PNEUMATICALLY DRIVEN DISPLACERS IN CRYOGENIC COOLERS

N. Pundak; Ricor Ltd,, En-Harod lhud, Isrzel
A and

S. Shtrikman, The Samuel Sebba Professor of Applied Physics
Department of Electronics
- Weizmann Institute of Science
Rehovot, Israel

The split cryogenic cooler with a remote cold finger offers many advantages
for use in cooling of infra-red systems. A pneumatic drive for the displacer
“in such coolers has since been adopted in many cryocooler designs. - This concept
can be significantly improved by causing the displacer to wove sinusoidally
rather than in an essentially square wave, as in most of the present models.

The way this motion has been achieved passively {is described in detail and its
advantages outlined. Data of minicoolers using the above mentioned concent 1is
presented. ’

Key Words: Cryoccoler; displacer; eddy current; magnetic damper; phase delay;
sp{it Stirling; Stirling cycle. - i )

1. Introduction

_ One of the ﬁajor advantages of the Stirling type cooler is its simpiicity - being a valveless
system, The gross cooling power Q_ of tharmodynamic cycles in general and the Stirling cycle in
particular, can be expressed by thé equation: ’

Q = ?TPdV <0. (1)

Note that negative Q_ means coeling. In steady state, both P and V ave tha periodical
pressure and volume in thé expansfon ctamber at @ constant chamber temperature T. To a first
approximation, both P and V- very stnuscidally with time, and as shown directly from eq. (1), the
volume change has to lag behind the pressure change to get cocling., For & given stroke and ]
pressure pulse, the maximum gross cvoling is cbtained for a 90" phase delay of volume with respect
to pressure. The optimal selection and the control of the phase angle between the pressure change
and the expansion volume change has a great importance 1n determining the potential cooling power.

in the integral Stirling cooler the phase angle is maintained and kept constant by a crank
mechanfsm, The Split Stirling version which gives significant advantage in some applications, for
example to the electvo-optic system designer, forces the designer to lock for alternative
solutions for the expansivn volume cyclic change, and for the creation of the desired phase angle,
A few mechanisis were developed and presented during the last decade; most of them are based on
" preumatic drive of the expansion volume cyclic change and on a dry friction, viscous flgw or
electrical timing as a phase angle control mechanisms [1, 2, 3]. .. '

The major problem of the Split-type Stirling coolers fs their relatively poor relfability,
The primary factor affecting the reliability of this type of coolers is the dynamic seal wear in
the compressor piston seal and the displacer seal of the expander unit. This statement is
specisily true in the case where the expander dynemic seal friction controls the moticn of the
displacer, Additional factors affecting reliability are solid or gasecus contaminants accunulated
in the regeneratar or around the displacer ascembly, affecting its motion and degrading its
efficiency. The "conventional" problems, such as external leaks, motor and bearing failure, can
be considered a secondary mode of failure and cre not part of this discussion.
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2. Design Considerations

- The basic approach of our new design concept is the elimination of the seal wear and
contaminants modes of failure. The expander is based on a pneumatic drive. In order to allow
high temperature vacuum baking, it is constructed of metal and of 3 Viton static O-rings only.
The metal displacer has a screen type regenerator. The displacer and driving piston clearance
type seals are constructed of metal (PH 5 - 15 Stainless Steel) and are located on the same
plunger as shown in fig. 1. The all metal clearance type seals are characterized by their
neglig\ble wear-rate and by their very low fr1ct10n force,

The displacer motion phase delay control 1s governed by an 1ndependent passive mechanism
Yocated in the expander drive compartment. This mechanism consists of magnetic damper and helical_
suspension springs. By proper design of the damper mechanism, a near sinuso1da1 displacer motion
- utilizing practically the full stroke available - with a prescr:bed phase delay reTative to the
pressure wave, can be achieved,

Assuming a sinusoidal pressure wave, the displacer driving force can be expressed by:

Farive = A 4 P €05 ut, (2)

where A is the driving piston cress section area, aP = the difference between the maximum pressure
and the mean pressure {equivalent to the pneumatic volume pressure) and w is the angular_frequency
of the displacer. - If the desired displacer motion is sinusoidal with, for example, a 90" phase
delay to the pressure wave, it can be expressed by the following quotation:

X = Xo SIN ut, {3)

where Xo symbolizes half the maxime'eroke possible. The sum of the forces affecting the
displacer motion (neglecting the Yow value of the dry friction created by the clearance type seal)
can be expressed by the following differential equation:

. [:3 . X
Fipive + 1X cx +KX =0, (éa)
ASP COS ot + MwZXo SIN ut { CXow COS wt + KX SIN wt = 0, (4b)

where C is the damping coaff1c1ent M is the sum of all the expander moving masse, and X is the
spring coefficiest. As is shown clearly in these equations, the necessary cond1t10n> for-balance
are:

ASP = CXouw , (5)

2

M w *-K.. (6) .

Equation 5 shows that the peak damping force must be equal to the peak driving force and eq.

(6) shows that the inertial forces must be balanced by the proper selection of the sprtnqs In
addition, the springs determine the average position of the displacer stroke, which is important

- in order to obtain symmetrical displacer motion around midstroke. It is 1mportant to emphasize
that the damping forces used in these equations are the sum of the drag created by the viscous
flow in the regenerator and the force created by the a7.,i1tional damper., The generator viscous
flow drag is a parasitic by-produce of the regeneratc- operation. The use of this drag as a sole
damping mechanism to control the proper phase angle (as applied in nne of the alternative designs)
(2), enforces a compromise in the regenerator design between the thermodynamic and the viscous
drag requirements.,

The magnetic damper, as used in our deswgn, is shnwn in fig. 2. This device is bas1ca.1y a
miniature eddy current generator in which an inverted cup-shaped copper body is reciprocated in
radial magnetic field - created by rare earth permanent magnet rings. The copper cup shape is
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botted to the end of the displacer driving piston and therefore, both move simultaneously, The
eddy currents generated by the copper cup moving in the magnetic field create a mechanical drag
force proportional to the displacer linear velocity. Proper selection of the magnetic damper
design parameters, taking into consideration the regenerator viscous flow drag, will result in
~smooth full stroke sinusoidal displacer motion and in the desired phase angle. The amount of
damping forces related to the linear velocity and to the operational frequency, can affect the
displacer stroke as shown .in fig. 3. The damper design point must be selected to balance the
driving force with the expander at its cold, steady state, condition.

By using the dry friction phase delay mechanism, almost rectangular in shape, indicator .
diagrams can be achieved. This results in maximum cooling power achievable in the given pressure
and volume change made. The sinusoidal displacer motion, however, results in elliptical shape
diagrams with an area about 20% smaller. This reduction is compensated by the lower dynamic ‘
thermal losses which depend on the working gas mass flow rate. These rates are much higher in the
square type diagram than in the smooth elliptical shape diagram. The smooth non-contacting
sinusoidal displacer motion is a very desirable characteristic from the acoustical and mechanical
noise level point of view.

3. Conclusioni

1/4 W Split Stirling coolers based on the eddy curirent damper and clearance seal design
concepts are in production by RICOR LTD. in Israel since 1982, Several hundreds of coolers have
been delivered and are accumulating laboratory and field experience. A 1/4 W Split Stirling
cooler of this concept is shown in fig, 4, Several reliability demonstration tests of the
expander units were performed as part of qualification programs and a proven MTBF higher than 1500

“hours was demonstrated. Actually, the expander reliability is limited by contamination.ariginated
in the compressor, and accumulating on the cold surfaces inside the regenerator, around the
displacer tube and in the clearance seals, The combination of our next generaticn
contamination-free compressors and the present magnetic damper/clearance seal type exparders, will
resu]t in re11ab111ty greater than 2500 hours.

PN
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A RONPROPRIETARY, NONSECRET PROGRAM
POR CALCULATING STIRLING CRYOCOOLERS

Hilliam R. Marting
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’ 2303 Harris
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(509) 375-0115

Using entirely nonproprietary and nonsecret sources

of infotﬁation, a

design program for an integrated Stirling cyele cryocooler hes been written on

an  IBM~PC computer.
itemizes
neasucred perforwsnce values.
. optimistic parfermance.
mental measuremants. As

resuits - so far acvailable.

The progrem {s easy to usc end shows
the losses. ' The calculated results heve been compared with some:
In {ts present form the progrem predicte somewhat
The program needs to be calibrated more with experi-

kas been done before,
friction factor cam bring the calculated results in line with the limited

the trends and

vhe
test

adding a multiplier ¢to

The program i{s offered as & good framework on which

to build a truly useful design program for all types of cryocoolers.

Key words:  Analysis;
order; Stirlinmg cycle.

1. Introduction

When I receiveéd a request from a client to

produce a. -cryocooler design program for the
IBM~-PC, which both they and I had available, I
assumed that such a program would be vresdily
availeble from a government agency with an

It would simply
the client's
that access to

interest in this techuology.
be a matter of adapting it to
computer. ¥e found, however,

all these programs is rvestricted, usually,
U. S. coupanles who -already have a contract
‘with a government agency to make cryocoolers.
It {s perfectly legitimete to have such re-
strictions. However, there needs also to be
available e progrew that cen be used in schools
and by companics who do not have en official
need to know.

: Since I had written two design manuals for
Stirling eungines, and gince many of the equa-
tions that were used in these meanuals came from
earlier publications showing how to design
cryocoolers, 1 have undertaken the process of
producing a cryocooler design program snalogous
to my numerous Stirling engine design programs,

literature will be cited.

The previoué
The method of analysgis will be explained in
general., The specific arrengement of a Stir-

Iing cycle cryocooler for which the program was
wiitten is given. A full list of input values
{s presented with typical 4input values, A
sample of the full calculated output is given
and explained. Limited test results are com-

to
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computer program; cryocooler; integral cooler; pecond

pared with
cussed. Application areas

design program are suggested,
siong are drawn about the utility
of design program. '

calculated performance and dis-
for thiz  type of

Finally, conclu-
of this type

2, Literature Review .

A full literature review on cryocooler
analysis is not sttempted. Only those antece-
dent publications that have a bearing on the
computer program described in this paper will
be given. In 1968 the author lead a group of
engineers at the Donald W. Douglas Laborator-
ies, 4{n Richland WA (n develeping & Stirling

engine for an artificial heart. We developed-
our oun design metaod. Graduelly we became
aware of other methods of analysis, We had

simple methods and very complicated and time
consuming methods. Later the author now.at the
Joint Ceanter for Graduate Study, University of
Washington 2aud sponsored by NASA-Leuls, wrote
two design manuals for Stirling engimes [1,2].
Also a long IECEC paper outlined in detail this
design method [3]. As a result of these publi-
cations this method of design has been wused
videly asmong those who had no access to propri-
etary {nformation,

There were a number of prior publicegtions
which were discovered in a  literature search
which had an important bearing in selecting the
equations that weve reccmmended in the design



program which was presented. Crouthamel angd
Shelpuk {&] gove all the design equations for a
VM cycle cooler. 2iamerman and Loagsworth [5]

contributed to our undexrstanding of shuttle
heat loss as did Rics {6}. Leo [7] supplied
the equation for appendix loss. Corring [8]}

supplied the equation for matrix conduction.
Note that many of these publications are in the
cryocooler literature.

Since the design manuals have been written
the author has continued. to ‘evaluate and per-
fect the isothermsl analysés. A 1980 IECEC
paper showed that up to that time the isother-
mal analysis was as good as any other available
{9]. A further extension of this - isothermal
program for large machines was done in wb”ch
the effect of adisbatic hot and cold gas s5,sces
was . included for both heat engines and heat
pumps., This effect is particularly serious for
engines or heat pumps that operate over a small
temperature ratjo.. The 1983 I1ECEC paper showed
that the improved isothermal analysis agreed
with pome engine test data over almost tr~ full
operating range for both power output and effi-
ciency to within plus or minus 10 percent with
absolutely po adjustments [10}. Finally the
isothermal analysis has been extended teo pre-
dict the operation of free-piston machines and
sesrch for an optimum design [11].

3. Methed of Analysis

In the literature of Stirling engine de-
sign, -methods are classified as firgt, second,
and third order. TFirst order methods usge var-
iations of the Beale equation [12] to predict
what the power can be, given the displacement,
speed, pressure and temperatures. This method
has been extended to large cryogenic refrigera-
tors by Walker [13]. It does mot apply to
minieture cryocoolers. The method suggested in
this paper is second order. It will be defiped
.- in more detsil later. Second order methods are

" the simplest methods. that take inte atcount =21l
the dimensions that influence performance.
Thizd order methods use nodal analysis to simu-
late the physical process very closely.  They
are expensive to rum because they use a large
amount of time on the very largest and fastest
computers. They .are useful ror special stu-
dies, but are mnot practical to be used in
search routines to find the best desigo.

'The basic ascumption of the isotitermal,
cucond order analysis is that at each point in

the cycle the pressure throughout the working
gas " volume 1is the same for esch instant in
time, In reality there are pressure differen-

ces ‘between the different parts of the working
gas due to flow friction, In a2 well designed
machine these differences are small in compari-
sion to the pressure changes due to expansion
and compression. Neglecting the pressure dif-
fercnces at this stage greatly simplifies and
speeds the calculation with little loss 4n
sccurecy. ’
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It is also sssumed that an effective gas
temperature can-be identified for each part of
the working gas volume which iolds for the full
cycle. This assumption {5 easy to defend {in
the regenerator vhere gas is in close thermal
contact with the solid. It is not true and
requires corrections {10] for the hot and cold
spaces of large machines, Careful messurewments
of the pressure and total gas volume durinog one
zycle in a Stirling engine for artificial hesrt
pover showed that on this svale the'- igothermal
assumptiin was better tiien the adiabatic as-
subption. The artificiacl heart engine is on
the same order of sisze as the minfature cryo-
coolers. i L. B

Using the two above assumptions, it is a

'simple matter to calculate the pressure during

the c¢ycle usually using the perfect gas iaw.
If the pressure of the working gas is plotted
against the volume of gas in the cold space, a
clogsed curve is produced.
curve is equal to the heat absorbed .by the
working gas in ome cycle. VUWhen multiplied by
the frequency we call this the thermedynazic
heat input. If the pressure of the working ges
is plotted against the total workinmg gazs vol-
ume, & closed curve is slso produced. The area
inside this curve is equal to the work required
to be applied in a perfect machine during one
cycle. When multiplied by the frequeacy, ve
call this the thermodynsmic power {nput.

These basic thermodyuamic values pust be
modified by the many losses that occur im &
real cryocecoler. To the basic thermodynamic
power must be added the flow losses of the
working gas, chiefly in the regenerator catrix.
Alsc the s=al friction, the mechanical £ric-
tion, and the electric motor lesaes rust be
added to obtain an estimate of the pover ve-

quired.

From the basic thermodynamic cooling ef- -
fect must be deducted all the thermsl conduc-
tion and radiation heat lesses. Also the flow
losses in the cold part are converted to heat
which must also te deducted. The matrizx heat:
transfer {s mot perfect, Ther«fore, the gas
returning back to the cold space is at a higher
temperature than when {t left aznd nust be re-
cooled. Fimally, there is a loss iavolvirng the
gap between the displacer and the cold finger
cylinder. Heat is transferred by this shuttle
loss only when the displacer oscillates.

Each one of these losses mentioned above
is calculated by an equaticn. In the second
order method there is &ssuned to be no fnterac-
tion between the various loss mechanisws, In a
miniature cryocooler accurate estimation of
these loss mechanisms 15 especially’ importaat.’
We find that in most cases the mechanfical and
electrical losses are wore important than the
gas flow losses and the thermodynamie power im
determining the clectric pover requirement. Qn
the cooliog side, we find that the thermal

The area inside this .



losses consume most of the thermodynamic cool-
fng effect, Therefore the net cooling effect
i5. subject to relatively large errors because
it 4s the gmall difference between large num-
bers.

In a ministure cryocooler there is so much
heat transfer area for so little volume that
one would be tempted to assume that the heat
transfer is nearly perfect. If tests show that
this 4s s0, calculation of ‘the performance
would be specded and simpliffed. ' We did wnot-.
make this assumption. We calcuiasted a heat
transfer coefficient for the hot space and the
cold space and also decided on a beat transfer
area. By trial snd error we found an effective

" cold gas temperaturc lower than the specified
cold metal temperature such that the heat that
can be trarnsferred besed upon the calculated
area and heat tramsier coefficient is equal to
‘the heat that needs to be tramsferred. At the
same tims by trial and error we found on effec-
tive warm space temperature that is higher than
the specified warm metal temperature such that
the heat that cen be removed from the warm
space {s equasl to the heat that must be re-
moved. When the fractional error in the heat
balance at both ends is less tham the conver-
gence criteria for two trials im & vyow, the
calculation ends and the results are printed
out.

4. Cooler Geometry

Although th:is program can be adaspted to
agy type of Stirling cryocooler, it is particu-
larly set up for an i: legral cryoccoler shoun
. schematically in figure 1. An hermetically

sealed electric motor operates two cranks. One
‘crank operates the displecer ” im the mnormal.
.mannor.  The other crank eperates the displacer
piston in the inverted mamner. The cold finger
containing . the displacer is in the same plane
as the compressor pistou. . The two cranks are
offset 990 degréeé to provide the proper phase
relationship. - The prograam takes fnto account
the slightly pon-sipusicdal naturs of the pis-
ton and displacer motion due to the cramk geo--
metry. 7

Figuze 1. Schematic of Ccoler Geometry
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éisk file.

Table 1. Main wenu for 1£§ut.

. &nd asks for the menu nunber again.

" point.

5. -Input Values

The program stores all the icput dats o @
The user has the option of atarting
with the set of ioput data which mes used last
which is on this disk file, or wusing base case
input data ubhich 15 uritten into the program,
The operator makes this decisfon ta start the
program. Then the main menu is displsyed on
the screen (tadle 1). The operator can start
celculating the next case by keying ina & or

. look at one of seven submenus by keying im 2

thru 8. : )

R 653
1 — Slart ctoptation tent czen,
2 — Prezean @etrol paroTetors,
J ~— Enzier ororatics coditiedn.
& ~ Pigteas fm con2ortiog rods ond OFeaX @m0,
9 — taro $1e9 COLESSN. :
6 — fharsprgtor vrexeRics
1 — Ca1g elos coresises
8 — Hoat coedes C02h &35 €25,
Yayr ctoice i — (foy aueser 229 auiet) —§ no

Progran comtrol parsmeters. Table 2. ghows

the menu for sgll the progrezm comivxsl paraze-
ters. On the left hand side i5 the menu num-
ber.. In the middle is the defimition, Oa the
right hand side is the curremt value. 1IMote

‘that at the bottom of the takle z wermu nusbetr

i6 called for. Tle operator puts in am intepger
between 1 and 8 (No decimal pojont.). If a veal
number with a decimal poirnt, cr &an {nteger
outside of the specified renge is entered.. the
program displays the appropriate errexr wnessage
C If1 1e
entered the program displayvs the mester wmenuy
agein, . ’ i "

Table 2. Submenu for Program Contfol Perazenters

" Progrea control rorEstevss
J1 — fleturn 50 oid &2

2 — Cooversaoce critefid.
3 — Cace nudor deingd by azdretor. —ee 3
& — Grashic o5ticd ~ By Jovebe o - 1
5 — Printing autios — OO0 ASW0Ge e e B
B — Hmser of tiey SIE05 . GOT CyCie.
T — Pressure 4ros oRioh . 1
: B = Catculgte €0GD SIEasSYT2 droo corretation.
1 = Caictoigie frog oressure drea test.

8 — Rehezt 10%s o2tion ]

8 = Latcpiate $700 M3t trexcfer coTrelation
1 = Catcutate fros sressuie 4oae tost
vsiey Breooles anatoar.
9 —~ futtiolier ¢or fricticafacter . 183
oo nuber? ; :

1f 2 is entered, the preogram then asks
that a resl nuaber be entered with = decimal
This coavergence criteria is compared
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with the fractional change from ome trial to
the next of the thermodypamic pover input and
the cthermodynanic heat foput. This criteria
must be a small positive real number, The
program checks to see {f the number {ipput is
between 0.0 and G.1. If ft is, the convergence
criteria is changed to the new value, aand the
‘mepu  is displayed agsin with the new value 4n
place. If the number that is foput 1s not
within the gpecifled range, ab error message 1s
displayed, and the menu is redisployed without
change.

the program agks for an
integez. If this case number {¢ negative, the
program  rejects 4t and asks for another.
Otherwise the casé number cat be set to any
nunber desired. The case number is automatfcal~
ly indexed without operator attention.

If 3 is entered,

If 4 is entered, the grephic option can be
changed. = Some IBM-PC's have the ability to
draw graphs on the screen. Others do not, The
program can be used either way. If the coampu~-
ter does -mot have the ability to do graphics
and the graphics option is set at 1, the compu-
ter " will probably hang up. The program will
have to be restarted. . )

. If 5 is entered, the printing option can
be changed. ™ Sicce some computers are equipped
.with printers aad others are not, the program
can be used efther way. If a printer is called
for but is not commected, the program will
gtop. .

If 6 is entered, the number of time steps
" per cycle can be changed. "~ Hore time soteps
leads to higher sccuracy at the expence of
speed of . computation. Twenty-four has been
found to be a good compromise. A formula has
been developed to compensate for 2 small number
of tice steps {1].
used {no this particular ptogram.

If 7 is entered, the optien on the wey
flow losses are calculated cen be changed. For
the O option, the Ilow loss is deterwmined besed
upon a correlation by Keys and London &3 sim-
pliffed by HMartini {2]. For the 1 option, the
flow resistance test used to qualify the dis-

‘placer for use is emploved instead. OQther
options can be added as needed.

If 8 is entered, the coption on the way the
heat traunsfer coefficient for the regenerator
is calculated can be changed. For the 0 op-
tion, a simpliffed Kaeys asnd London correlation
is used {2]. For the 1 option, the heat trans-
fer coefficient i5 derived from the flouv fric~
tion test using Reynolds analogy. Other op-
tions can be udded as needed.

If 9 ii entered, a multiplier on the fric-
tfon factor can be changed. If.the Kays and

London corelation 4{s& used, this factor s

multiplied by the calculated friction factor to

"natory.

However, 1s has not been-

give the friction factor used to calculate flow
loss, If the pressure drop test dats 15 used,
the conmputed pressure dtop is multiplied by
this factor.

Engipe operating conditions.  Table 3
shows the menu for the engine operating condi-
tions. The menu is shewn twice to illustrate
how 1t {s changed. The inputs are self expla-
The program gdjusts the working gas
inventory for the first 4 cycles to make the
time averaged working gas pressure equal to the
input value. After thst lealage continues to
operate between and crank case and the working
gas. An effort has been made to ask for the
input values in customary ueits. They are then
converted to a consistent set of units in the
program.

Table 3, Submenu for Engine Opetating Conditions

Exgien coerating corditions:

1 - R to main geRd.

2 — Rueres? oOTKiDg 925 Preseurss P5id . ... GRAER )
3 — Hosor ssacdh Iy : 163,08
& — Brtal wexserstyre in cold szooe, K . TA@
G - Getal teererature in tarn EDECe ¢ e 83.03

Meny nozper? &

Vatue? (with éaCies! poipt)ED
Ergine ooeraties conditions?
§ — fotora 10 €2in cony,

2 — RyeTess COTRING 945 SIESSUTEY £3iD - - AEREP

T — Fotor smed T 12a2.83
4 — Rstal tewperatore in cold sodcer K £3.62
S5 — [otal teusorature in wuera csoces Fooaeoeeeooo SLER

Heny nuder?

Pistons ~- comnpecting rods -- crankcase
Table 4 ghows the menu which allows values
connected wvith the mechanical wotion to be
changed. The same orgaonization {5 used as with
previous tsbles. There 4is enough spece to
clearly define cach input value snd give the-
units., At piisent the volume of the crank case
space is not knoun very well and f5 2ot used {n
the calculation. Strictly, b sever, it should
be wused in leakage calculi ' .os and {n kinetic
simulations of the cooler. ' :

Table 4. Submenu to change inmputs reiated to
plstons, conpecting rods and cramnkecase

Pintons and cOMROCLing Fods oRd CYIRy case,
1 — Returs to &3id e2ns. .
2 — Crank engles dewries .

T — Dizzeter of CozPressur Bistons inch — BB
§ — Scat dizseter &b GiGtseers iRCH —— +iBT3
S~ Redius of COEPIESIHI 2iSTON Cranke inch 0
o — Radivs of dislater drive crast inch B8R

7~ Length of COESICSI0r SiSton Comd. 106y inch ____ 46163
8 — Lensth of dicelater drive conn. 103, inth o 1,718

- S~ Volum of Claak €ase sSate, Cu. inches . IS

Heaw nusder? 1



Hara flow passages Table 5 shows the
submenu which allows values connected with the
warm flow possages to be changed. Most of the
entries are self explanatory by referemce to
figure 1. The warm digplacer duct is the hole
thru the sesl and bearing part of the displacer
to allow gas to pass from the connecting tube
to the warm end cf the regenerater matrix, The
number of velocity heads are used to account
for the flow resistances of entrances, exits
and bends ip the gas flow passasges., Standard
handbook values were used {13].
une {5 aun estimate of the dead volume in the
warm space in addition to that in -the piston
end clearance, connvccting tube, and the warnm
displacer duct.

Table 5. Submenu for Warm Flow Passege Values

Harn flon oaoxesess .
{ — Getorn to wain eon.

2 — Dicasier o comecting toba inth 1833
3 — Bigazier of eamm displecer ducts - icch L5328
4 — Effective COSoressor Pielda Closraes ioch o S
S — Loazth of ¢onac3ing tuday IRCh .53
6 ~ Loooth ¢f A SIEP1400¢F CTCh iKh o
T — fombor of valocity hesds in ceaetia W .. 2.5
8 — Hzmar of wlecity hedes in Sighlater 3ct 228

9 — Drad volen? &% aaro ead of digplacels Cb. mth — JE339
Reay pester?

Regenerator properties Table 6
submeau which allows vsiues connected with the
regenerator to be changed. The length of the
regenerator matrix inciudes space for the two
coarse  screens on each end. ' The porosity of
the matrix {5 computed from the total volume of
the fine wmatrix, the weight of the fine
screens, and the density of stainless steel
(7.817 gfcc) : '

Table 6. Sudbmenu for Regenverator Properties

feesnerator erasertics:
1 — Betorn to €3i0 EBU.

2 — loside cicmter of disalacer crliven ieth L3832
I — Dicartor oF reeedtster eatris, inth L1259
&4 — Hire diczotor in rozeavator 43It inch G233

. § — Gausro t3zh Of SCICERS i reR. CSUCiN wiresfin.. SEAED

6 ~ ior of fin2 scroons in rew, £3Uik s
7 — Leputh of FesTRIEtOr EATIN, iSth 2,255
8 — Ueight of fin2 re3TACISICT SCMCHS: SI0PF evwmn 13162
9 — Fusber of CORTRS G4 BETSIRS IR LOTIX -}
10 - Thicimass of e3¢h coares end stregds inch 8143

11 - Test t1ox rate of t2 thro diesi.» Std cc/ain. . TIELES

12 - Pressore dros v St f1c3 rasey D3N 15.62
Feny noxber? § e
Cold flow passages Table 7 shows the

submenu which allows values coonected with the
cold flow passages to be chsnged. In thisg case
there is a single orifice which squirts gas
into the cold space. The correlatiom by Hauser
[16] was used to calculate the heat traasfer
coefficient in_the cold space.

The dead vol~

shows the'

. However

Table ‘7. Submenu for Cold Flow Passages

Cold ¢low pessasest
1 — Extum %o c3ia Oy,

2 — Dleaster of (01d OTitIO itk 8o
3 — Et{ectivy ditolater CIEaTance &8 id & Do, (553
4 — Lonoth of cold afidion iath &R
% — Kyuter of volotity £28S iD €old ST tiCe e

L8
Hray suaor? 1 o

Heat conductfon, seal, end motor proper-

Table 8 shows the submenu which allcws
values cornected with heat conduction, geal,
and motor properties to be changed. All the
foput values fn this list, except for the fmch .-
dimensions are difficult to determirz, TYhe
emmissivities can vary over a wide range depen-
ding upon the exact properties of the surfacas.
the heat loss thru the vacuum iagula-
tion is zmall in oany case, so these errora are
unimportant. The efficiency of the drive sotor
and -the seal and wmechenicel fricition are verxy
important. They must be measured by separate
tests. In this case the efficiency of the
motor  was estimated from the motor specifica-
tions. The seal and mechanfical friction wuas’
detervined by zdjusting it so that the elactric
pover demarnd at the very beginning of a <ool
down test was about right. The aspeed of the
motor during this test wss not recorded aecd hagd
to be estimeted. Ip reslity the senl acd mech-
anicsl friction should depend upon engiue gpoad
and working gas pressure. Hore realistic fric-
tion con be added when - the informatioa s

ties

" avallable.
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Table 8. Submern: for Heat Conduc fon, Seal zud
Motor Values. S :

Het comguctions o0 @3 tsmm vaiesa
1 —~ (zium 0 edilo oot

2 ~ fixegtor Of varurp i2gulatidn 2m0r, i08h e 8
3~ Efticiency of ¢rive estan 3 . AR
4 — Enigsivity of cold tincar 08
3 — EMigTivity OF VilEs inSUlatioD e e JEED
6 — Cochinsd coat lecisodh . inch/zowissi £
7 — Soal axd eachizicsi frictica eatts o]
8 ~— Thiciness of o3ld fieesr ugll, ifch s

9 — Gav betencn cold Hooor 31 &0d disalecors ieth XD

Flewy nosher? |

6. Calculated Outputs

During solutfon two outputs are possibla,
1f the graphic cption is on, a display {s shkown
on the screen like that shown in figuve 2.
This display is very useful to show &t a glance
wvhether the solution is converging amd vhere
some of the problems in design are. The ellip-
ses at the right show the gas pregsure plotted
against the total volume, The first cycle {s on



top. The other 6 cycle are below as the gas
‘presoure is adjusted. The ellipses at. the left
are the cold gas volume plotted egailnst the
working gas pressure, The sine curve at the
top 16 the displacer motion for one cycle. The
sine curve at the bottom is the compressor
‘motfon for one cycle, The nearly horizontal
- line at the top left records the trials of
effective warm spece temperature. Full vertical

scale {s 0-400 K. Hote that wmost of the
adjuatment 18 made after the first cycle. The
nearly horizontal line at the bottom left re-
cords the trials for the effactive cold space
temperature. Note that there was little
change. co .

Figu:e 2, Graphical Display during Solutfon

If the graphic option ig cff, Table 9 1is
displayed on the screen. The numbers im the

. first two columns are the numbers that are
compared with the convergeance criteria which is
shown in the top line of Table 9, . These frac-
tionsl changes for cycle 6 and 7 were all under

. 0.001. Note thet the work {n apnd the heat out
are now only changing in the fourth significant
figure. The last column, the gas Iiaventory,
has unusual units. It is the gas inventory in
gran wmoles
constant, 8.314 J/(gmol#K).

Table 9. Progress to convergence table -~

Commvsance critaria 188 2B ¢cr Bm 8 31

the .

multiplied by the universal gas.

Crcle Chzzer  Chanoe  Gomm Cootins  Exd Tiw Ca .
bn, Pozpr la Eood In In In Pressoie Biee Invent,
Frec. Frat.  Joales. Jovies tPa Meee, SR

t L.EMZ0 (BT LIEEST MMATE 2,680 LEMS .01E3
2 BTHEY LITWE TS LA 2833 LIS 018
3 LJEETeY - LES3OJASEN LEEEE .088 LI SIBmTR
§ B3 BT J5BW . N 2635 1.8313 (012
§ LEEM LT JEER @520 2685 LS5 .e128X
RN vt N 5 R Y A Ly £13 B v . I Y v T B (H IS ciad
7 L0250 LESHAT  JIRSY1 LRERET 2.£%5 1.93M5

N bisieat

Speed of Solution On the IBM-PC equipped
with the 8087 coprocessor, end running Micro-
soft FORTRAN-77, the solution time for the
above same case with 7 lterctions is 6 seconds
without graphics and 20 seconds with graphicso.
This does not include the time for printing out
or displaying the solution. The display of the
output to the screen takes 2.4 seconds addi-
tional. . The priaotout tekes much longer and
depends upon the type of printer that is being
used. Uith some type of spooler, printing can
lag bohind., Meanwhile the operator may f{nves-
tigete new possibilities using the inforsetion
available at the monitor.

Calculated Performance At the end of the
solutfon, the tgble of calculated pexformance
is displayed on the monitor and {5 printed out
as-well, if the print option is on. Table 10
is the calculated performance for the {input
values given in Tables 2 to 8. The first thing
to notice is that gome losses are very fapor-
tant and some are mnegligible. Hovaver,. it is
dangerous to neglect the megligible logses. in
the design calculation, If you do your seorch
for a better design will lead you into en ares
where these negligidble losses are no longer
negligible. ‘

Table 10. Calculated Pe:formgﬁccv

fartial Eev. Enatrrig of .‘m%im Eycte Crvowcoler
fetosral Gomeotry, eCRLOLETED FEMRSRIZo

FGER WEUSTH, (IS CORLIES GRFYET, AT

Thoreodvoss forer 5.5888  Tror.BomCoditen 600 8.5127
Ciae Bree, Fola. .87 €16, Dvee. Pric tes B3
Pam Fioyless — 1.2335 Rezen, Fric Hesoo o G183
Digs, foctFla. BT6T  fmntio ieae bonn o AT
Coxn, Veo Pl 52277 Oodoas (om0 e o3850
Bk, Fricti® . LIS Rocondin Lo0s e BED
Eietk, War, tozn. REGES Tewd, Ewmicg Lo .. BT

. €1, Finsor tolt €28, LISD
Elect, Bar.ln . 22679  Boo, Ut Coods e GBIES

- 20, MR Gode e WEETT

Ett.ClaBaten dL IS Voo, Iessl (2 lem. LE28S
E9¢.bra. B Toan, JURLSIED BB (OILOW &Y . 5525

On the power requirement side, pote the

necheufcal friction aed the electrical sotor
losses ore the two big omes accounting together
for 74.4 % of the power requirement. The flow
loss thru the regencrator accounts for 5.5 % of
the powsr requirement. All the other f£lou
losses sccount for only 0.2 %, lesving 19.9 12
for the mecesesry thermedynamic powsex.  Obvi-
ously the place to start with improvements 4o
to find pome wey to reduce the mechaniesl gnd
electrical losses, ’

Oa the cooling effect side, it appesrs
that only 26.2 % of the thermodynsmic coolicng
effect survives the gauntlet of losses to be~
come net cooling cffect. In this analysis 4t
is assumed that all the cold orifice flow loso
and half the regencrator flow loas wmust be
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deducted as heat loss from the thercodynamic
cooling effect.

The shuttle heat loges and- the appendix
loss must be corsidered together, because as
one {ncreases the other decreases. Shuttle
hest loss occurs by radfal conduction across
the gop between the cold finger cylinder end
the displacer., Decause of the longitudinal
temperature gradient aslong the cold finger
cylinder and along the . displacer, when the
dicplacer {s ot the warm end of its stroke it
18 colder than the cold finger cylinder all the
wey along, B0 it heats up. Vhen the displacer
.48 at the cold end of its stroke, 4t is wormer
than the cold finger cylinder, so it cools
down. Eech cycle this process moves the heat
that has been transferred ope stroke length
toward the cold end. This important heat loss
cen be minimized by using low conductivity
cylinder walls such as plastic or glass or
ceranic,
icg the gop and increasing the leagth of the
regenerator,

Appendix loss océuts as the gas is paéked
into and unpocked from the appendix gap between

the displacér and the cold finger wall. This "
gop 48 closed off at the warm end with a sli-
ding seal and is open at the cold end to the

cold spece. As the pressure increases cold gas

48 packed into this space. As the pressure
decreases mnot so cold gas flows back into the
cold space. Increassing the thickness of the

gap reduces

shuttle loss but . increases the
appendix loss. ' g

A number of equations have been published

for shuttle heat loas and for apperdix heat
loss. As far as is known ther2 has been mno
experimentel

confirnation published of any of
these equetions. :

. The reheat loss should, for a cryocooler,
be called the recool loss.
sure ' changes and flow, a ldarge amount of heat
must be transferred each cycle in the regenera-
toxr. Ho matter how good the heat transfer, the
gas always re-enters the cold space warmer than
vhen it left. The reheat loss car be made
small at the expensr of making the flow heating
or the heat conduction loss or both tco large.
A careful balancing of dimensions is needed.

The temperature swing loss 1s a correction

to the reheat loss to compensate for the heat
capacity of the regenerstor being less than
infinite. In this case it is

negligible, but
it csn be important. v

The last 4 losses are heat conduction or
rad{ation losses thst go on whether the displa-
cer moves Or not.-- Dy far the largest {s the
cold finger wall since this must be thick and
metal to hold back the pressure and contain the
helium, |
less because this is made. of plastic. The dis-
placer matrix conductlon is even smaller be-~

Both due to pres-

The loss can be minimized by i{ncreas- -

The displacer well conduction i3 much -
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" tion factor by a2 factor of about 3,

"The measurements

cause the metal screens are divided and cake
contact only in a few spots. Vacuum insulation
loss is megligible. ’

Record keeping The operator can continue
to experiment with the computer program to see
how different inputs affect the output. He can
do this without waiting for theé printer onm line
at all, However with a spooler of sone sort,
the printer can keep track of all the inputs
and all the outputs for further study. It way
be running meny ceses behind what the cperator
is considering. After the output of table 10,
the full input values are printed out. These
values are printed out in the same crder as
they are shown in tables 2 to 8.

7. Results and Discussionx

Figure 3 shows how the computed perfor-
mance without any adjustmentof the calculation
proceedure with test results. -The net cooling
effect 4s plotted against the cold finger tem-
perature. Note that {f the flow .resistance
data 1is used for both the flow loss. and the
reheat that the net cooling is too optimistic
by 0.2 to 0.3 watts, If the Kays and London
correlations are used, the met cooling 45
optimistic by 0.12 watts, From the data that
<o far has been obtained, it sppeers that when
the cryocooler motor speed was not measured
that it was runoing at 1600 to 1700 rpm, Fig~
ure 3 shows that the calculated and weasured
performance shows the same trend. -

For the flow rate that results fna 10
psi pressure drop. thru the displeacer, the Keys
and London correlation calculated 18.4 psi.

Also a number of investigators have found that
the flow vesistance calculated. for steady flou .
must be mnmultiplied by a factor to mske _the
measurements eand the predictions for engiues .
agree wore closely, At one time the author used
a factor of 2.9 to make the calculated output
agree with measurements for both' helfun and-
hydrogen [17]. Tew [18] used a factor of & for
hydrogen and 3 for helium to meke his caleula-
tions agree uith test results, A racent test
reported - by Taylor and Aghili [14] showed that
oscillaticg flow in tubes inéreased the f£ric-
Possibly
finding the right rultiplier between reversing
flow and steady flow resistance and the right
way to apply this multiplier could bring the
experimental and test results intc agreement,

Figure 4 shows the first attempt at adjus-

ting the program to fit the current. experimen-
tal data. When the flow resistance test dsta
are used, o mutiplier on the computed pressure

drop of 3.3 to 3.6 is needed to bring the
computed results in line with the measurements,
are consistant in that they
show a trend with very 1little scatter. The
computed rxesults derived from flow- resistance
test data do not show quite the same trend.



the Kays and London flow correlation
is used, the multiplier only has to be 1.25,
Also the trends in the data and the adjusted
calculetion are the same. The correlation

¥hen

shows & transition from pressure drep propor-
tional to flow rate to pressure drop propor-
tional to the square the the flow rate in “a

smooth mauner over a factor of about 10 in flow
rate. Possibly "the pressure drop is not di-
rectly proportional to the flow rate,

These exercises in adjustment have been
successful 1in showing that adjustments can be
nade. Houever, when we have more information,
particularly the motor speed, for each point,
our conclusicns mey be quite different than
they are now. However,
has an important advantage in that it itemizes
the losses and therefore gives guidance about
vhere to make improvements.

8. Application Areas -

) Although . the specific cryoccoler design
program described in this paper 1s for an inte-
gral Stirling cryocooler, The same programing
concept can be applied to split Stirling and
free-piston Stirling machines. A free-piston
engine has been calculated using this type of
enalysis [11]). - The speed for calculating each

case is fast encugh so that once the design
method is calibrated, an optimization seaxch
can be programed to search for the best design

automatically. A thorough optimization search
is already programed [11].

9. Conclusiods

Using only open sources of information,
cryocooler design program has been writet--
which gives reasonable results, It
inputs of cooler dimensions, wmeasured flow
losges, mechanical friction, and electric motor
losges. Since the current error betwueen calcu-

. lated and measured performance is not large,
"and since the calculated performasnce shows the
same trend as the measurcd performance, we
expect that this computer prograw can be adjus-

ted to model a real cryocooler quite exactly.
The program needs to be adapted and customized
for each user since there are so many ways to
"build a cryocooler. Also skill is needed 1in

making the proper adjustments so that the pro-
gram: will be accurate over a wide range of
design options. In {temizing the losses the
program shows clearly where the greatest im-
provements in design can be made.
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A SlﬁPLE, FIRST STEP TO THE OPTIMIZAYION OF REGENERATOR GEOMETRY*
Ray Radebaugh and Beverly louie -

_Chemical Engineering Science Division
National Bureau of Standards
Boulder, Colorado 80303

This paper presents a simplified set of egquations
for calculating and optimizing regenerator geometries..
A number of competing parameters must be accounted for
in the design of a regenerator. To obtain high values
of effectiveness, there is need for a large surface
area for heat transfer and high heat capacity. The veid
voluge should be small to mafntain the pressure ratio in
the entire system. Moreover, the pressure drop should
be small compared to the absolute pressure. With the
assumptions made here, the calcuiations can be done with
a hand calculator .

. The equations -show that the optimum regenerator length

"~ hydraulic radius, and porosity are 1ndependent of mass flow
rate and the gas cross-sectional area is proportional to
the mass flow rate. It is shown that using gas gaps
between parallel plates produces a significantly better
regenerator than. 15 possible with packed spheres or screens,
pa*twcularly at temperaturas below approximately 50 K.
The improvement is due to enhanced heat transfer and the
flexibility in using a lower porosity in the gap configur-
ation. -

Key Words: Cryocoolers, cryogen.cs gaps, geometry,
heat exchangers opt1mlzatton packed spheres, regenerators.

i. Introduction

The regenerator is often one of the major Toss sourccs in regznerative-cycile refrigerators
It contrleses loss terms due to its 11m1ued heat transfer units, limited matrix specific heat,
pressure’ drop. dead vo1ume and axva] thermal conduction. An optimum design of these re-_
generators wouid significantly 1mprove the performanfe of the overall refrlgerator

The calculatvon of regenerator performance with varicus assumpt1on= has been discussed exten--ﬂ
sively in the literature. First order calculations assume the void volu@e in ‘the regenerator is
zero. Such calculations were first done by Lambertson [1) and Hausen [2] with graphs and tables
presented in the books by Kays and London.[3) and Schmidt and Willmott {4]. Second order calcu-
lations take into account the regenerator void volume bul neglect any pressure oscillation in the
void volume gas. These calculations have been done by Heggs and Carpenter [5], by Daney and
~ Radebaugh [6], and by cthers cited in these two works. A third'ordgf caiculation considers void
‘voiume in the regenerator and a pressure oscillation as seen by regenerators in regenerative~
cycle refrigerators. Gary, et al. (7] dvscuss such a third order calcu\ation where very few 35~

'sumptions are made,

© XWork partially funded by the David Taylor Nav°1 Sh]p R&D Center and the Off\ce of Haval

Research
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AN of the.cited calculations require the regenerator.geometri as the inpdtfparameter and:
compute the regenerator effectiveness. The problem facing the designer is how to determine the
optimum geometry without resorting to trial and error through such performance calculations.

. Such an approach can be very costly and time consuming, especially for third order calculations
where considerable computer time is required for each case. In tiis paper we discussAa simple
technique for determjnﬁng the optimum geometry associated with a desired value of regenerator
effectiveness. The technique reverses the “normal" first order calculations and computes the .
‘various geonetrical parameters that give the minimum regenerator void volume..  If the void'volume

is not. negligible a second 1terat1on should be done with reversed second or third order calcula- .
tions. ' : .

-

-2. Basis for optimization

In any opt1mlzat1on scheme 1t 15 1mportant to determIne the proper parameter to be opti-»‘ .
" mized. Most often the input power is minimized for a refrigerator with'a specified net refrxger-’lmf
“‘ation power. (In some applications, such as coo]ing SQUID s, the net refrlgeratzon power 1s zero
and the gross refrxgerat1on is used ent1rely for loss terms. Nevertheless. the' 1nput power is
still the gquantity to be minimized in SQUID cryocoolers.) It would appear that a general system
requirement would preclude a simple optimization of a s{ngle component like a regenerator, espeil C
cially when the regenerator may consist. of several stages Any exact‘analysis must consider the
entire system as a coupled system and various loss terms w111 necessarIIy be dependent on each
other7 However, Smith and coworkers [8-11] have found that > decoupled. approach to the 1oss terms
has resulted jn relatively good approx1mat1ons to the’ overal] system performance. In;the decoup-
led approximation the gross refrigeration power, Qr' is absorbed by several independent terms:

: Q, = énet:f-orad * éc‘+ dreddf QQ * éh * "':%’ :“ e "“f: i;,fi'.'(i).‘\uy

net rad is the radlat1on loss, Qc is tneAconddction 1055
is the loss due to regenerator 1netfect1veness Q is the shuttle heat loss due Lo the oscxl-

where Q 15 the net refr1gerat10n power, 6

a
lgigng displacer, and Qh is the loss caused by an excess enthalpy flow through the regenerator
during the hot blow for certain condltjons with a non-ideal 'gas. Another p0551b1e tern wou]d be
-one due to the pressure. drop; AP, in the system. That term would be used whenever Q
calculated from the pressure amplitude at the compressor.: If Q is calculated from the pressure
amplitude at the expansion space, then no such term would be used but the p*essure drop would }'
indicate the required pressure amplltude at the compressor ‘

"~ In the decoupied approximation'of eq. (1) thelentire systen is optimized by minimizing‘Q for
net _For an ideal gas Q = 0. For the second and third stages brad is often : :‘
negligible. The other terms, Q d. ., and Q are then usually of comparable valt\s when a m1n-w

- - reg
< imum Q is found, kaew1se the percentage loss due to a pressure drop, apP/P, will be. comparab]e

a fixed value of {

to the percentage loss of these other three term; The simplest appr0x1matlon for Q assumes an .
isothermal expan51on. If an adiabatic expansxon is cons1dered, Qr is reduced by approx1mate)y @’
factor of two [12]. ' ' S T
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~ In dimensionless form eq.(1) is'given as

et/ * Qoo 8, + reg/Q Q/Q, + Q4. *+ ... =1 @

For any particular refrigerator an experienced designer can then make reasonable estimates of
~-such terms as Q /Q and Q /Q and AP/P. For example, with an ideal gas in a cryocooler where
net/Q is to be small the aforement1oned terms may be approximately 0.1-0.2. Good estimates of
- these terms are the f)rst and most 1mportant step in the optimization of a regencrator. The per~
ffbrmance'dt the overa\i system is also affectéd.by'the void volume of the regenerator}.vrg.} A

! where V is the expansion space volume. The four terms

norma11zed voxd volume would be V g/V
/Qr, Q /Q Y AP/P and V /V are 1nterre1ated a decrease of one must cause an increase of

Qreg
another.

The baSIS for the optlmlzatIOn procedure descrxbed herein is to use Qreg/qr’ Q /Qr, and aP/p
as known input parameters and then find the geometry which gives a minimum V /V . At an early,
_1ntermed1ate point, the regenerator ineffectiveness assoicated uzth Qreg/q 1s calculated If
‘V /V << 1, then the input. parameters could be decreased to the point where V g/V becomes-

A; s1gn1f1cant If vrg/ve >> 1, then the three 1nput parameters must be increased. © If the values
:_are as large as they can be, the process probab]y is not feas1ble w1th the cond1tlons chosen,

‘f unless an abnorma11y large compressor is ‘used. The optimization done here is not fully rlgorous
'?;srnce estimates are- used for the 1nput paraneters and the effects of &P/P and V /V on the

- system are not fully quantwfted

_ The geometry of a regenerator can be divided into two components: (a) the configuration of
:'the packing, such as packed spheres, plates, tubes, etc. and (b) the macroscopic geometry, such

© as-cross-sectional area, porosity, length, and hydraulit vadius. The optimizatien procedure

. dfscussed here treats both components. The best configuration is the one which has the hlghnst _
-heat transfer rate for a fixed pressure drop. However, any conf1gurat1cn may be chosen and the
'optImvzatlon procedure then ‘gives the best.geometrical parameters. Pressure drop. and heat .
transfer correlations often incorporate the friction factor, f, and the Stanton number

e h/(m/Ag)cp.‘ ' (3)

where h is. the heat transfer coeff1c1ent n is the mass flow rate, Ag is the gas cross-sectional ~
;Earea and cp‘xs the spec1f1c heat of the gas at constant pressure. '

' F1gure 1 shows a plot of Nst §¢3 and f as a function of ‘the Reynolds number, 275 for one
particular conf1gurat1on,_an infinitely qug and wide gap.' The twq curves of Nsthr are fot the
case of constant heat flow and for constant temperature. Kays and London {31 providg the
correlations for gaps and several other configurations. The Prandt] number N is inc]uded to

- make the correlations valid for a wide range of fluids. For helium gas Np 0 666 under 1dea1

- conditions. '~ Note that both NstN§¢3 and f have nearly the same dependence on N.. For A
_ regenerators the curve of interest 1s;that of constant heat flow. The practica] difficuity'in'
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: achieving a uniform hydraulic radlus however, suggests the lower, constant temperature curve may
b2 more realistic. ‘ S

. we'define the ratio: .

nst~§¢3/f RON
A high value of o is desired since it gives a high heat transfer for a given pressure drop. (A
more quantitative argument is given later.) Figure 2 shows a as a function of the Reynolds nug-
_ ber for several packing configurations and for a constant temperature heat transfer. The data
are from Kays and London [3]. The two important points to note from these curves are (a) they -
are nearly independent of Reynolds number, and (b) a gap configuration has the highest o« - srg—
. hifitantly higher than that of a packed bed of‘spheres Because a is nearly independent of
Reynolds number, it becomes a useful parameter to use in calculatxons since there is no need to
-spec1fy the flow rate. ’
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Figure 1. Heat transfer and friction factor Figure 2. Rat1o of Heat transfer and friction
curves as a functwon of Reynpolds nunber for factor curves as a function of Reynolds number

-gas flow in a gap. ) for several configurations.

3. Optimization procedire

The: eqguations which are developed in the .ollow1ng sections describe the procedure to calcu-
late the actual dimensions of an optimum regenerator geometry. The development beg!ns by relatirg
Q /Q to a regenerator ineffectivensss. By using published performance curves for *egenarators,

a set of values for the number of heat transfer units per half cycle, Nt , and the ratio of nmatrix -
heat capacity to the heat capacity of the fluid that passes through the regenerator, Cr/Cf, can
be found that ylelds the correct ineffectiveness. Because an infinite set of values will yield
the same ineffectiveness, the goal is to find the éét of Ntu and Cr/cf values that gives thg gin-
inum V /V Expressions for the geometrical parameters of cross-sectional area, length,
poros1ty, and hydraulic radius are developed in terms of the optimized N and Cr/Cf~a6d ﬁﬁe
input parameters QC/Qr and 4P/P. The conf1gurat1qwal parameter o is used 1n the equationsvto
make them valid for ail Nr and to show how a maximum o produces a minimum vrglve'
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"tiveness for zero void volume. tiveness for a finite void volume but with no
- ‘ pressure wave. '

. 3.1 Performance curves

The effectiveness, &, of a regenerator is defined as the ratio of heat actually transferred
to the maximum possible heat transfer. The first optimization step utilizes the performance
curves as shown in figures 3 and 4.  Figure 3 shows the ineffectiveness, 1 - €, as a functlon of
Ntu and C /C The plot assumes zero void volume, zero thermal conductivity in the ax1al '
dxrectmon, 1nfin1te thermal conductivity in the radial direction, gas and matrix thermal
properties independent of temperature, constant inlet temperatures, constant flow rate, and
constant heat transfer coefficient The curves in figure 3 sre plotted from data in Kays and
London [3] mod1f1ed by. the appropriate change for our definition of N Figure 4 is for the
case of a finite void volume without a pressure wave [5 6] ATl other assuﬁptions are the same
as for f1gure 3. Other curves could be generated using fcwer assumpt1ons . Sincé the thermal
c0nduct1v1ty in the axial direction is taken into account separdtely v1a a decoupled loss term,
it should always be neglected in the performance curves.

For a predetermwned value of Q /Q a value of 1- ¢ can be calculated far a regenerator

. reg
operating beiween some upper temperature T and a lower temperature TL. By definition

1€ =G /Rty - HD, (5

where H is the enthalpy ber unit mass. Since refrigeration in a regenerative- cche cryococler
occurs cnly during one half-cycle, the refrigeration rate is given as ’

Qr = ﬁqr/z, (6)
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where q, is the heat absorbed per unit mass durlng the expansron process. Combining eqs. (5) and
(6) gives .

* £ = g/l )0, /204y - W) )

reg

As ‘shown in figure 3, a given ineffectiveness is satisfied by a wide rénge of Ntu and Cr/Cf
values. The optimum combination will become evident later, but we proceed with~the‘6ptimizati6n
procedure assuming that the best Ntu and Cr/Cf have already been determined. i

3.2 Gas cross-sectional area, Ag
A high- M in a heat exchanger is ach1eved by using a h)gh surface area, but the high

surface area w111 also lead to a large pressure drop unless the cross-sectional area is
sufficiently large. The pressure drop in the core of the regenerator is given by

e f(0/AL? L/2pr, - (8)

ngEe f is the friction faétpr,'L is the regenerator 1ebgth, p is the gas dénsity;iand n 15 the
hydraulic radius. Equation (8) does not consider the entrance and exit pressure changes associ-~
ated with acceleration and deceleration, but these terms are generally neg]igibie in a well de-
signed regenerator. By using the term « from eq. (4) the pressure drop 1n eq (L can be relsted
te the heat transfer by : )

4P = N N2/3

LS (n/A )2 L/Zupr _ (9,

By using the definition for Nst iﬁ~eq. (3) and the following definitions
N

by = hA/f}lcp_ ' (10)

]

Ty = LAA, (11)

where A is the total heat transfer area, we can express Ntu in terms of NSt as

Ny = Ngl/ry, (12) -
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Rearranging eq. (12) and substituting into eq. (9) for Nst allows us to write for the gas
cross-sectional area '

2/3

2 /2a06P T2, (13)

hg/m = [NtuH

Equation (13) is one of the most important equations in the design of a heat exchanger,IWhetner
it is regenerative or recuperative. It gives the gas cross-secticnal area needed to achieve a

given N, for a fixed value of AP across the exchanger. Equation (13) also shows that Ag should

be Iinezgly proportional to m and that a large o means a small Ag. The term a is nearly constant
for a given heat exchanger packing and is taken-frem figure 2. An average value of p must be
used when large temperature differences occur from one end to the other. In dealing with a mass
flow rate that is rot constant, e.g. sinusoidal flow, the average m should be used to determine

Ag. Likewise the AP then corresponds to the average @ and not the peak.
3.3 Regenerator length, L

‘Equation (13) shows that Vm could be made as small as desired by uéing a short vegenarator.
However conduction in the régenerator would then become large. We now calculate the length
assoicated with the given value of chér. By definition

T
. u ’
Q. = (A0 '/T‘L kdT, (14)

where Am is the regenerator solid or matrix cross-sectional area and k is its thermal conductiv-
ity. The term Am is related to Ag through the porosity ng by

ng = AR+ A). - (15)

Eqﬂations (15) and (6) are substituted into eq. (14) to yield’

2(A /m)(1 - n_) [kdT
L= 4 ! . (16) -
nar(Q./Q,)

For some packing configurations n_is fixed, such as packed spheres or stacked screens. In those
cases, L can then be calculated from the known input parameter Qc/Qr. For other configurdtions{
such as gaps, the poresity is entirely flexible and L cannot be calculated until the porasity is
first calculated. %ote that eq. (16) also applies to either recuperative or vegeperative heat
exchangers, since the Cr/Cf term has not heen used.
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3.4 Porosity, ng

In configurations where the porosity is flexible, additional matrix heat capacity can be
obtained by adding more matrix material and still keeping Ag constant. However, at some point
conduction effects become important. The regenerator matrix heat capacity is given by o

Cr = Vmpmcm. a7
where Py is the matrix density, Cn is the matrix specific heat, and Vm is the matrix volume
V =AL. (18)
Equaticn (15) is used to express Vm in terms of Ag by
vV = A L(1 - ] 18
m = Agt( ng)/ng » (19)
Substitution cf ed. (19) into eq. (17) gives
Cr = pmcmAgL(I - ng)/ng. (290)

The heat capacity of the fluid that passes threugh ihe regenerator is

‘“}7 Ce = mcpr/z = mcp/Zv, (21)

. where 1 is_the period of one cycle and v is the frequency of operation for the regenesrative cryo-

cooter. The usé of eg. (21) now restricts subsequent results to regenerative heat exchangers.
When eq. (20) is divided by eq. (21) and rearranged the resuit is '

ng/(1 = ng) = 20(pye )(A /IL/C(C /T, (22)

For simplicity in subsequent calculations we define X as
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Tx
"

- 23
ng/(l ng) (23)

or

n X/(1 + %) (24)

g
The length in eq. (16) is substituted into eq. (22) to yield

v(p,c ) kdT %
Cpap (/€ QA

(25)

X = Z(Ag/é)

In calculating ng the ratio Cr/Cf is assumed to be known from the performance curves in figure 3,
although any combination of ”tu and Cr/Cf can be used. The optimum combination is yet tg be
determined. Equations {24) and 425) show that the poresity is independent of the refrigerator .-
capacity since (Ag/h) and the other terms are independent of mass flow rate. Likewise the 1ength h
in eq. (16) is independent of mass flow rate or refrigerator capacity. Also, the pcrosity
equatfoh applies to the case of variable porosity. The prapeﬁ tecﬁn}que for dealing with a fixed
porosity is discussed in section 5.

3.5 Regeneraior gas voluma, V',g
Hith Ag and L already determined, Vrg is easily calculated... However the ratio Vrg/\fe needs to be
calculated to determine what effect Vrg will have on the system. The volume of gas in the
regenerator void space can be given by ’

\/r‘g = RV (?G)
The matrix volume can be expressed as
Ym = Cr/pmcm, (27}
which means eq. (26) becomes
V'_g = XCr/dmcm. (28)
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The expansion space volume is given by
v, = Cf/pecp, (29)

where Pe is the density of gas in the expansion space. The term Pe should be evaluated at the
temperature and pressure of the expansion space at the time of flow reversal. For a first approx-
imation the lower temperature TL and the average pressure arc used. From egs. (28) and (29) the
volume ratio becomes Lo )

vrg/ve = X(Cr/Cf)pecp/(pmcm) (30)

This simple expression for vrg/ve is useful when X has already been calculated. VHowever. since
the optimum Ntu and CP/C have not been selected, we now develop an expression for V /V in
terms of N and c /C We substitute eq. (25) for X into eq. (30), and at the same t\ne eq
(13) is used for A /n in the expression for X. The resultant volume ratio becomes

2N, (C /Cf)N2/3oc frat 1%
Vrg/ve = Po p (31)
A apéqu(Qc/Qr)(pmcm)

It now beccmes clear how V /V depends on the various input and material parameters and the
packing conflguratvon The vo]uve rat1o is minimized when the conf:guratlonal parameter o is
largest. Figure 2 shews that gaps offer the largest o for the configurations compared. The
authors are unaware of other configurations with a higher a. ‘of course, the equations derived
here are valid if one cheoses to use a conf1guratxon with a smaller a. In regard to matrix
material parameters, the ratio [Ide/(p ( )] should be minimized. The input parameters 4P/P and
Q /Q should be made ]arge to reduce V /V but they cannot be made larger than about 0.1-0.2.

A minimum value for Vr /Ve is obtained when the product Ntu(cr/Cf) is a minimum. Figure 5
show; curves of Htu(cr/cf) Vs, (Cr/Cf) for various values of ineffectiveness. We see from figure
5 that cr/Cf = 1.8 gives a minimum in Ntu(cr/cf).for all values of 1 - ¢ shown. The curves of
figure 5 are subject to some uncertainty since they were derived from the graph in figure 3 rather
~than using numerical calculations. Fortunately the minimum in Ntu(cr/cf) is fairly'broad s$C some
uncertainty can be tolerated. The calculation of (Ag/é), L, ng, and Vrg/\!E is now done using the
optimum N,, and Cr/Cf combination from figure 5. ’

For an ideal gas and isothermal expansion we have

= P/RY 32
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Figure 5. The Ntu(cr/cr) nroduct for several values of regenerator ineffectiveness

from the case of zero void volume.
Pe = P/RTe . (33)

a, = RTEn(P,/P,), (34)

where R is5 the gas constant, P is the avefage pressure, Ph is the high pressure, P2 is the Jow
‘pressure, and Te‘is the expansion space temperature. (Usually Te = TL)‘ “Then eq. (31) becomes

[ 2, cc/c w2 3¢ tofkar % .
vm:ﬁ-“’"fp‘”" (35)
rg e T "
e | Tealo,c, )4 /8,0 (0P/P) (P /P,)
for an ideal gas and isothermal expansion.
Equation (35) shows that the volume ratio is independent of pressure and
will increase as -the temperature Te is lowered. For the optimum (Cr/Cf) = 1.8, the
ineffectiveness is approximately
- -0.9
1-¢= 2.1Ntu . (3§)
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for_Htu > 50. The tern Ntu-is theq proportional to (1 - e)'l'1 and using eq. (7) for (1 - €)
shows Ntu is proportional to (Oreg/Qr)-l'l. The denominator inside thg brackats of egs. (31) and
(35) subsequently centains the three input parameters in the form of (Qreg/br)l'l(chéf)(AP/P).
Such an expression would suggest that (§ /Qr) should be larger than the other terms for mini-

mizing Vrg/Ve‘-

reg

There may be instances where the total regenerator volume is to be minimized. This possibil-
ity may 6ccur when there are externsl packaging constraints or in cases where no pressure wave
exists. For instance, regenerators used in magnetic refrigerators operate at constant pressuyre.

'Here, the void volume is often of Yittle concern. Qf more importance is the total regenerator
volume, since it may need to fit inside a magnetic field region. The total regenerator volume,

vrt‘ can be expressed in reduced units by

Vrt/Ve = Vrg/vengf (37)

The use of eqs. (24), (25), and (30) leads to

2/3 &
v = pe(Cr/Cf)Cp N 2Mtu(crlcf)ﬂpr vCpfde.
rte ey ° apaPa Q8,2 (0pe )

(38

The first term on the right hand side of eq. (38) is the reduced matrix volume and the second
term is Vrg/Ve of eq. {31). It is now apparent that the minimum in Vrt/Ve occurs at a smaller
value of (Cr/cf)'tnan the 1.8 used for vrg/ve,'and the Ntu will be higher than for that case.

3.6 -Hydrah1ic radius

Here we derive the hydraulic radius and other characteristic dimensions of the regenerator

packing that must be used to give the desired Ntu in a regenerator with a length and

cross-sectional area as praviously calculated. When both sides of eq. (12) are multiplied by
2/3
N

or and rearranged, the result is

W w23 2y y2/3

st pr tu pr-rh/L' (3%

The Reynolds number is defined as
Nr = 4rh/u(Ag/m), (40)
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where p is the gas viscosity.

For every geometry of interest there is some function g where

2/3 _
Noghor = a(h). (41)

Equations (3%-41) rebresent {hree eqﬁations in the thfee unknowns, Ty “r' and Nst”§¢3 that must
be solved numerically in the general case. When g is in graphical form, the solution is easily
found by trial and error. For a chosen value of pe €Q. (39) is used to find Hst"§¢3' The_samé
value of S gives Hr fro@ eq. (40) which in turn gives a value of Nst”§¢3 from the graph of eq.

(41). 1f the two values of NStN§£3 do not agree, another value of s is chosen until the twq

2/3
Nsthr velues agree.

‘For laminar flow, eq. (41) is

2/3 _
N_Sthr = a/Nr’ (42)
-where & is a constant depending on geometry. For infinitely wide and long gaps with constant
temperature heat transfer, a = 8.5. For infinitely long tubes, a = 4.2. Equations (39), (40),
and (41) are solved then by 4

alu(A /a) |7

o | e - (43)

Ntu ‘Br

In the high-performance heat exchangers discuésed here, thé flow is usually laminar. The value
of o in figure 2 can be refined with Nr if necesszry. Since a is only a weak function of Nr'
further iterations may not be necessary.

The characteristic dimension of a heat exchanger may be expressed in terms of the»hydrau]ic
radius. They are given for various geometries as ¥vollows: '

Cad
#

Zr,  gap thickness (46)

[-%
IH

ar, " tubaz diameter _— (45)
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d = 6r /X sphere diameter (46)

4rh/X wire diameter. (47)

o
]

for a gap configuration the thickness of the plates that comprise the matrix is
ty = tg/X (48}

For all of the preceding calculations to be valid, the thermal penetration depth A must be
large enough to penetrate throughout the matrix. Ffor a semi-infinite plate the thermal penetra-
tion depth for sinusoidal heat flow is .

A= [k/(pmcm)nv]5. (49)

For a set of stacked plates with gas on both sides we require ~

t, <2 (50)

3.7 Equation summary

As an aid to computations fer regenerators, the significant steps and equations are summarized in
the order necessary for a regencrator with flexible pcrosity. '

1. Determine largest input parameters { /Qr‘ Qc/ér‘ 4P/P the overall system can tole-

reg
rate.

2. Evaluate'system and materia{ parameters-v, TU’ TL’ %, P, Qs P Py cp, Npr, M, (pmcm).
and fkdT. '

3. Ineffectiveness: 1 - & = ({ 7§39, /2CH, - H).

reg
4. From figure 3 or 5 determine; Ntu at Cr/Ff = ;.8.'
5. Dgﬁefmine packing parameters o from figure 2 and Yaminar coefficient a in eq. (42).
6.. Gas cross-sectional area: Ag/ﬁ = [NtuNiﬁs/ZupAPlk.

- 7. Porosity:‘ ng = X/(1 + X),

v(pmcm)fde
(€ /C)(4.4,)

X = Z(Ag/m) -
p
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: M, N7 30(p ¢ ) fkaT K '
(in original -parameters) ¥ = 2 P d — . -(51)
ZapAPCpQr(Cr/Cf)(QC/Qr) -
8. Regenerator gas volume: vrg/ve = X(Cr/Cf)cppe/(pmcm).
[zntu(c 7R 3c Jiar] ®
(in original parameters) Vrg/ve = r 'p P
' 1 apaPa Q14,000 /ce)
9. Regenerator length: L = Z(Ag/é)Jde/er(Qc/Qr).
¢ (€ /C ket T¥
(in original parameters) D - (52)
v(pea)a,(8./Q,)
| alu(a /i) T
10. Hydraulic radius: L ““‘“%75“‘] , laminar flow.
‘ 4N, N
tu pr
y C (CP/Cf)fde %
(in original parameters) ry = (a) P 373 (53)
i .

- 20paPHy N v(pgeg)a,(Q./0,)
11. Reynolds number:. N_ = th/u(Ag/é)
© - "Recalculate ry if flow not laminar.
12. Reevaluate «. If necessary, repeat from step G..
13. For gaps: tg =20, b = tg/X

14. Thermal penetration depth in plates: A = [k/(pmcm)nv]k.
sinusoidal flow.

15. Chack to see if: tm < 2A.
If not, increase v to decrease t

16. Ervor check: (a) &P = fL/Zprh(Ag/é)z,
with f from figure 1 or similar curve.
"Calculated value should equal input value.

(b)vrg/ve = Z(Ag/m)Lupe,

should be same as from step 8.
4. Example solutions

The solution to the design equations can best be illustrated through some examples. In the
design of a cryoccooler for a SQUID, nonmagnetic and nonmetallic parts need to be used in the cold
parts to prevent magnetic noise. The regenerator material chosen for this jllustration is G-10
ffberglass epoxy. Even though its volumetric heat capacity is small compared with lead and other
regenerator materials, its very low thermal conductivity gives it a desirably small value of
k/pmcm,‘the important material parameter which appears in eq. (31). In fact G-10 may have a
lower k/pmcm than Pb~5% Sb although k for the latter has not been measured.
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The parameters ~hosen for the example solution are given in table 1.

Table 1. Input parameters for exampie solutions -

1-¢= 0.01 (Qreg’/or = 0.22) Ty = 4T,

OC/Qr =0.1 a = 0.35 (gap)

AP/P = 0.05 regenerator material: G-10
P=0.5Ha fluid: ideal helium gas
PH/P2 = 2.0 isothermal expansion

The temperature T.L is allowed to vary from 4 K to'IOO K to evaluate the temperature dependence of
the optimum geometry.” The upper temperature TU of the regenerator is assumed to be 4TL, which is

R

‘;ypjchx for cryocoolers. Such a dependence of Ty on T, means that eq. (7) may be written as

- ¢ = \ /
1-e=(Q,,,/Q09. 76T (54)
for the case of an ideal gas. Also, for an ideal gas q, from ea. (34) can be substituted into

eq. (54), and for the normal case of Te = T,, we cbtain

L

1-¢= (Qreg/ﬁr)RBn(Ph/Pz)/sch (55)

For the input parameters in table 1, (Qreg/ér) = 0.22 from eqg. (55). o

The material parameters needed in the calculations are (pmcm) and fkdT. Figure 6 §hows
(pmcm) for G-10 fiberglass-epoxy, Pb [13], and GdRh [14]. The alloy Pb + 5% Sb is commeniy used
as a regenerator material and GdRh i5 a potential regenerator material because of its high speci--
fic heat (p c ) at low temperatures. The thermal conductivity of G-10 is the average of the paral-
lel and perpendicular heat- flow directions from the work of Kasen, et al. [15]. Table 2 gives

representative values of (pmcm), k, and [kdT used in our calculations.

For the ideal helium gas we use cp'= 5.19 J/g-K, R = 2.077 J/gK, Npr = 0.666. The viscosity
values from KcCarty [16] are nearly independent of pressure over the range we have considered and

-6:0.65

are approximated by p = 5.0 x 10-6 +4.6 x 10 °T g/cm.s over the range of 10-300 K.

Figure 7 shows (A /m) and the length of the regenerator as a function of TL fdr three differ-
ent frequencies. The term (Ag/&) is independent of frequency. The porosity, ng, and the volume
ratio, Vrg/ve’ are shown in figure 8. '

Note that the optimum porosity is on the order of 0.01 for TL = Sk. Such a low porosity
allows a large volume of regenerator material to be used to obtain a reasonably high total heat

capacity. The volume ratio Vrg/ve is insignificant at higher temperatures and remains smaller
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Figure 6. The volumetric heat capacity of candidate regenerator materials.

Tsble 2. Thermal properties of G-10 fiberglass epoxy

A T

T PoCh k Jg kdT
(X) (J/cm3 -K) (W/em-K) (M/cm)

5 0.0058 0.815x10™3 2.00x10™3
10 0.0255 1.24 x1073 7.23x1673
20 0.078 1.73 x10~3 22.3 x1073
50 0.245 2.66 x1073 89.1 x1073

100 0.520 3.76 x1073 251, x1073
200 1.10 . - . 5.53x107 718, x107°
300 1.64 7,17 x10°3 1355, x1073

than 1.0 evén at TL = 5K. For the case of v = 1 Hz the volume ratio is small enough that the
assumption of zero void volume in the performance curve of figure 3 may hold. For higher fre-
quencies, a more realistic performance curve probably should be used for the lewest temperatures.
The small values of Vr /Ve also imply that the entire précess for refrigeration at 4-5 K is feas-
ible with an ideal gas. (Calculations for a real gas are easily done but are not shown here.)

Figure 9 shows the gap and matrix thicknesses as a function of TL‘ Shown for comparison
with the matrix thickness, tm’ is the thermal penetration depth, 2A. Ffor all cases except at 1
Hz and the lowest temperature t << Z2h. When tm = 2\, there will be a slight degredation in re-
generator perfcrmance because the term Cr will be reduced. The gap thickness has a slight depen-
dence on temperature and is in the range of 10_3 cm.  An extremely small tg could present some
prattica] problems in the construction of the regenerator. The Reynolds number alsc is very
small - in the range of 10-200 - with higher values occurring at lewer temperatures and lower
frequencies. '
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5. Comparison of gap and packed sphere configurations

Packed spheres are commonly used for regenerater packings since such regenérators are sieple
to make. However ¢ is significantly lower for packed spheres than for gaps. Also, the porosity
of packed sphéres is fixed at about 0.38, which is much higher than cptimum for temperatures be-.
low about 50 K accerding tc figure 8. In this section we show how much inferior a packed sphere
bed is in comparison with the gap configuration. Of course, the packed sphere bed still has the
advantage of sizplicity. For a fixed ng, eq. {51) is solved for the ratio Ntu/(Cr/Cf). The
opticun values for N, ~and C /C. are found by simuitaneous sojution with the Ny (C,/Ce) curves of
figure 5. This approach maintains (éclér) at the fized input of value. Included in the
assumptions is that fkdT for spheres is the same as for the bulk material. After Htu and C'_/Cf
are determined, thz parameters Ag/m, L, Vrg/vc' and r, are calculated from the appropriate

equations.
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Figure 10. The reduced regenerator gas volume for gaps and for packed sgheres. See test for
details ef packed-sphere curves.
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Figure 10 shows V. g/S for both packed spheres of G-10 anﬁ gaps betwe&n plates of G-10. At
higher temperatures the difference betwezen the two sets of curves js wainly due to the higher @
for gabps. At lowar temperatures the much smal]er vrg/V for gaps is due to both the h1gher a and
the lower porosity. Also shown in figure 10 for packed spheres is the curve labeled H = 378,
which is the value used for the gaps. At higher temperatures this curve gives a lowef V
because Qc/()r is greater than 0.1. At lower temperatures the reverse is trus, and chér is less
than 0.1. Yherever the packed-sphere curves are below the ﬂtu = 378 curve, the Htu is greater
than 378. In fact, for tgmperatures less tham 15 K the ﬂ is rapidiy epproaching nuzhers as
kigh as 10 . @ practical icpossibility. Even an Htu of 378 o2y ba dif!!cu)t to achieve in prac-
tice without extreze care in making all flow channels the same size. If a smaller fkdl is used
in the calculations of the packed puwder, an even higher Ntu is needed for the optimum condition.
However, the reduction in Vrg/ve §s insignificant at temperatures below about 15 K. The ﬁtu =
378 curve should be considered a ]ower practical limit for ihe vrg/Ve of the packed spheres.

6. Conclusions

A simple scheme for optimizing regenerators in cryocoolers has been developed which uses the
systea loss terms, Qreglér' chﬁr. and AP/P as input parazeters. Any set of regenerator perfor-
mance curves can be used, although the exawples discussed here use the simplest one of rero void
volume. A set of equations were developed to determine the regenerator geometry that yields the
@mininun void volume.  In comparison wwith other packing configurations It s shown that gaps be-
tween paraliel plates is the best, producing regenerator dead voluses one to two orders of magni-
tude smaller for temperatures in the range of 5-10 K. It is shown that G-10 fibergiass-eboxy is
a favorable material for 2 multiple gap regengrator because of its relatively low k/pmcm ratio.

The authors are grateful to Dav1d Daney and James Zimmerman, both of HBS, for some valuable dis-
', cussion; Deb'a Schlender is acknowledged for careful preparation ef the manuscript.
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8. Nomenclature

Engfish letter symbols ST units

A regenerator total heat transfer area m2

Ag _gas- cross-sectional -area ’ e

Am matrix cross-sectional area mz

a geometrical constant for laminar flow

Ce heat capacity of fluid passed through regenerator I/

C; heat capacity of regenerator matrix J/K

cvoid heat capacity of gas in regenerator void volume J/K

€ ' specific heat of matrix J/kg-K

cp specific heat at constant pressure of gas J/kg-K

d tube, sphere, or wire diameter : m

f friction factor

H., "L specific enthalpies at Tu and TL J/kg

h heat transfer coefficient w/mz»x

k thermal conductivity of matrix W/m-K
length of regenerator m

n mass flow réte of gas through regenerator kg/s
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Prandt) nusber, a fluid properties modulys

=

N:r Reynolds aumher, a flow modulus

Nst Stanton number, a heat transfer modu]us‘
Ntu Kumber of heat transfer units per half cycle
ng porosity of vregenerator = Ag/(Ag + Am)

P average prassure

Ph, P2 high and low pressures

B
o

pressure drop in regenerator

conduction heat loss
Aenthalpy deficit loss

net refrigeration power

(2]

O L0 e
=3

Tnet

Qr gross refrigeraticn power

?rad radiation heat loss

Qreg regenerator loss

QS shuttle heat loss

a, heat absorbed per unit mass during expansion
R. gas constant

™ hydraulic radius (LAQ/A)

Tei expansion space tesperature

TU, TL upper and lcwer temperatures of regenerator
gap thickness

t

t: thickness of plates in gap regenerator
Ve raximum expansion space volude

Vm matrix volume

Vrg reganerator void volume

vrt regenerator total volume

X

_porosity parameter (ng/(l;ng)]

Greek letter symbols

22

o ratio of heat transfer and friction terms (NSthr /1)

€ regenerator effectiveness

1-¢ regenergtor ineffectiveness
thermal penetration depth in matrix - . -
gas viscosity
cycle frequency
gas density in regenerator .

e gas density in expansion space

o matrix density
period of one cycle

o U D VP < T >
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A COMPUTATIONAL MODEL FOR A REGENERATOR

John Gary
Scientific Cosputing Divisfon

David E. Daney
Ray Radebaugh

Chenlcel Engiaeering Science Division
National Bureau of Standards
~ Boulder, Colorado 80303

Thic paper concerns a numerical model of a regenerator running at very low
temperatures. The model consists of the usual three equations for a
compressible fluid with an additional equaticn for a "matrin temperature.” The
main difficulty with the model i{s the very low Mach number (approximately
1.E~3). The divergence of the velocity is not smell, the pressure divergence is
small, and the pressure fluctuation in time i{s not small. An asymptotic
expansion based on the “"bounded derivative” method of Kreiss is used to give a
“reduced” model which eliminates aceustic waves. The velocity fe then )
deternined by a two-polat boundary velue problem which does not contain e time
derivative. The solution obtsiced from the reduced system ig compared with the
numerical solution of the original system.

Key words: bounded derivative; compreseible flow; cryococlers; heat transfer;
fmplicit ochexe; nuaericel model; regenerator; stiff equations.

1. The differeantial equations

The oscillating flow takes place in o cylinder filled with emzll metal spheres [i]. The
conpreecsible filow equations are used to describe the flow around the scheres. A “resistance” term
‘favolving the resistance factor ¥ is used to account for the porous wedia effects. The "matrix” of
 gpheres has a heat ‘capaci{ty and neat can be transferred betwecen the matrix and the gas. This
conductance fs deternined by the coefficient h. The temperature of the matrix s givea by T, The
variables are listed in the appendix. The partiel differential equations for these variables are
the following. : )

3p ap du  AGeh 2G.F

—~ =~ u= = pc? = # ——— (T -T) + —— plu|? (1)
3t 3x ax

3T 9T du - 4h 1} 2p
— - g =~ G T — 4 ~— - (Ty ~ T) + ME )
3t 3x ax Cidp, o CyPy
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du 3u 1 3P

— - ye— - = == = ylu] (3}
3t - Ix  p 3x
aT, ahg a A,
o= - (T~T) + —— (%)
ot (1-0)oeCapy PeCq x4

The domain 10 0 € x < L. - We will discuss the boundary and L{nitial conditions in the next section.
Their deterwination is crucial to the success of the numerical approximation.

To set up the numerical approximation we need to vrite these equations in dimensfonless form.
For this purposc we assume an ideal gas described by the following relations.

3 P
p = —— pe? = = R, = 2,03 E+3 J/kg'K  y = 0.6
R.T Y

The scaling factors for the basilc varlables are the constanta.(s; ;; T). The time is scaled b& the
period (t) of the {mposed oscillation {n the mass flow. This 45 the seme a8 the pericd of the
piston oscillgtion, The x coordinate ie scaled by the length L., We use (», uv, T, Tm) for the
scaled variasbles (p/p, u/u, 1/aT, T,/4T).

ap A% 7l ~ 3u afa R B1pF
- == qu— =~ = p—+ qhfr, - Tj + — lul3 (5)
3t ) S 3x T
T 3T - 3u hfa Ay as
— = = ppu=— = G 1T — + qz—('rm - T) + 8oF|ul? (6)
. st ax . an P n .
du ~3u 1 Tap 1 g
C—mequ— == = — = — |u]u 1)
3t 3x € p ox € GpT)
3y Al oA
— 3 - q3h(Tm - T (8)
it
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Typicsl values of thace dimonsionless parameters are:

1} = 0.92 T = 14 a = 70 ay = 709

a3 = 64 By = 5.82-4 8y = 8.78-3 € = 1.4B-5

This 18 based on the values

T=0508 U= 0.12 /s L =0.057 m R = 2.038+3 J/ug'R
Gy = 0,65 Cy » 3.1B43 3/kg*K T o= 8.7E+3 W/oleK -
T=15K Dy = 1.28-4 Foa2

Cleerly the term with the dominant coeffictient 1s the one containing the factor el The
prassure rust be very nearly constant in order to balance the terms in cthese equations. In order to
evoid high velocity eound waves we must carefully set the Lnftial and boundary conditions. The
“bounded derivetive” method of Kreiss is uvsed to set the initfal conditions. We chose the initial
conditions go that the first two derivatives of the baeic varisbles with respect to time are O{1)
rather than 0{c™'). The work of Kreiss indicates that we can expect the time derivatives to remain
bounded during the time integration of the partial differential equations. This fwplies that the
fgat sound waves do not gppear, since their presence would reguire derivatives which are 0(e ).

2. The bounded deri{vative expeneion

This method was developed by Kreiss [4]., Gustafsson has shown that, fu certsin cases, the
reoults of Kreiss can be obteined by an asymptotic expausion [3]. Gustafsson has given & good
expository treatment of the method [2). If we assume on expansion of the basic variables in the form

- ~ -

p(x,t) = po(x,t) + epy{x,t) + ¢=°

then we obtain a new cystem of equations far the functions (Pes Tis Yy Tpgds {=0,1, ... by
equating like powers of ¢ in the ususl way. Thue, we obtain from the velocity eq (7)

o
——— = (),

ax

The first term in the pregsure expansion g therefore independent of x. Using thie fact, eq (1) cen
be differentiated with reypect to x to obtein an equstion for the velocity (hereaiter we drop the
subscript “o” and the """ modifier for the asymptotic expansion).

3 ) - 2 | 4nG, 2¥Gpjul)3
- (pcz—- o = | —(TyT) + (%)
ax 3x ax by, - Dy,

If the functions T and p are known and u 18 knowm at the boundary, then this equation can be gsolved
for u(x) in the {aterior. Equation (9) implies that the right side of the pressure eq (1) is
independent of x, Therefore eq (1) can be regarded as an ordinery differential equation for p(t).
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Equation (2) can be regarded as a hyperbolic partiel differential cquation for T(t,x) and
eq (4) 18 an ordinery differential equation for T,(t,x). Note that these equaticns do not require
afny boundary conditions for the pressure p or the tewperature Tp. If we regard the equation for the
gas tewmperature as a hyperbolic equation, then we rmust specify T at an inflow boundary and leave it
unepecified at an outflow boundary. He want to specify constant temperatures T(t,o) = T, and
T(t,L) = Tp at the boundary. However, when the flow reverses this would ceuse g discontinuity in
the temperature at the boundary. Therefore we ifmpose a fast exponential decay in time from the
temperature at the time of reversal to the desired temperature Ty or Ty.

The velocity boundary values are chosen so that the mass flow is sinusoidal, that is

p(t,0)u(t,0) = C, sin(wt)

p(t,L)u(e,L) = Cp sin(wt+9)

These conditions insure that mass is conserved over a cycle.
3. The numerical scheme for the asymptccic expansion

A finite difference mesh (t,,%q) 15 used whcre t, = nat, and xy = iL/N for 0Ci<N. The spatial
derivatives are approxiusted by centered second order differences, for cxample

n n
dT Tye1~T1-1
— (tpaxq) & -
dx 2ax

n , .
where Ty L6 the approximation for T(t,,x;). An implicit type of predictor corrector i{g used which
is similar to a Crank-Nicolson scheme. We will not write out the complete acheme for the full
equations; iustead we describe the scheme for the folleowing sirple equation

du du

— D {je

dc dx

. . N n ~o n+l
Given the values at the nth time level, Uy, and an approximstion U; for Uy , then compute a

~

corrected approximation Uy from

~1 ~n "o n} {1 n "1 n
by-Uy UgtUgj Uge1 e tg-17Ug-)

AT 2 ' 4ax

Thie is a tridiagonal linear systew frx the unknown vector Uy. A'correction is made for the
varlablos p,T, and Ty in that order; thea an updated value of the velocity is obtained by solving a
n

finfte difference version of eq (9) for Ug. If the heat transfer cofficient, h, io coastant, then

this is another tridiagonal iinear system. 1If h = h(u) depends on the velocity, then the resulting

nonlinear equation 1s solved by a Newton iteration. The boundary conditions are described in the

previocus section, Generally, from two to five {teraticns (or correctiong) vere used. On the firat
’ ~o n ’ '

iteration Uy = y;,
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4. A fully ipplicit scheme for the original equations
e have a gecond comﬁhter code which is baged on the original eqs (1) through (4) rather than

the asymptotic expansion. Slnce,Hi = ¢ is small we expect this sytem to be very stiff. Therefore,
we expect thet an {mplicit scheme is required. However, we use a C¥ (Crank-Nicolson) scheme rather
than a BOF (backward-difference~formula). We choose the initfal conditions to avoid the fast moving
acoustic waves; therefore we do not need the BDF scheme to dsmp out the fast waves. WHe can cheose
arbitrary {nitial values for T(x,0); however p(x,0) is required to be constant snd u(x,0) wmst
satisfy (9). This i{s the bounded derivative principle of Kreisa. The initial conditions are chosen
so that the firgt tvo time deriacivea of the solution (p, T, u, Ty) at t = 0 are bounded independent
of 5. -

The finite difference scheme uses three-point centered approximations for the spatial
derivatives except at outflow boundaries, where a one-sided first order approximation is used. A
Crank-Nicolson approximetion is used in time. The difference scheme for each of the four varighles
18 thus similar to (!) for the asymptotic approximation. However, the four equations are now
coupled. Therefore, each time step requires the solution of a linear block~tridiagonal system with
4x4 blocks. We do not use a Newton fteration to deal with the nonlinearity. Instead, we uge an
iteration and evaluate the coefficients of the derivative terms at the previous iteration,

The boundazy spﬁroxlmatlon for the temperature T(x,t) i8 the same &8 for the asymptotic
equationg. The boundary conditions for u(x,t) are specified at all times using the cane values as
in eq (6). There 1s no boundary condition for the p equaticn; instead one-sided differehces are
used to approximate derivatives at the boundary. WNo boundary condition 1s needed for the Ty
equation since this equation contains no spatia] derivatives.

S. Computational reaulta

In this sectlon we give some regults obtatned ftom the two numerical methods described in the

previous gectlons. Unless otherwise stated, the results were obtained using the bounded derivative

(L.e. asymptotic expansion) model. Within SI, many units cholces exict for meost quentitfies! 1In all
of. these runs the heat transfer coefficient between thz gas and metrix was given by the term

h(m) = 40 crp(-1.6m) + 220(l~exp(~1.6m) )=
where

m = pluf.

The exponential factor is included to avoid a discontinuous derivative of h(]pu|) with respect te to
u at u=0,

The formula used to bring the boundary temperature of the gas back to its constant inflow value
when the velocity reverzes is - .

T(e) =Ty + (Trev - TI.)G"P((Crév't)/T)

" Here Ty 18 the constant inflow temperature (15 K at the left boundary and 10 K at the right boundary
for most of our rung) and Typey 18 the temperature of the gas at the time when the velocity reverses
direction, The time of reversal is t,,, and t {s an input parameter, whose value was 0.05F where P
18 the period of the mass flow oscillation.

The mass flow at ﬁhe boundary is given by

pu = C sin{2nfe+8)
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vhere f 18 the frequency and O is the phage, At the laft boundary 6=0, at the right values fa the
range -45°¢9<0° were used. o :

All runs assumed an ideal gas witn equation of state

p = Re o7,

The specific heat of the gas at constant volume was
Cy = 3120. J/kg'K

The thermal conductivity of the matrix was 0.3 #/m°K and of the gas was 0.13 W/m*K. The regenerator
length was 0.0572 n, :

5.1 The temperature and pressure wave forms

The temperatuve as a function of time at the left and right boundaries ie glven in figuree 1
and 2, 1In this case, which we refer to as case I, the inflow temperatures at these boundaries were
15 K and 10 K; the mass flow smplitude was 77.9 kg/n“s; the starting preosure was 3.3 Mpa; the heat
capacity of the matrix was 2.6%4E+5; the hydraulic diameter was 1.21E~4; and the frequency wea 5 liz.
The time interval shown is 12{t<13, that fs, tne system has been run for 60 cycles before these
curves are drawa. The matrix temperature is shown a8 a dgshoed line; the gas temperature is a solid
lire. In this case, the two temperatures were slmost identical. The temperature at s potut 4/5 of
the distance cerogs the tegereratot (x=0 8) ia ghovm in figure 3.

The temperature as a functicn of pocztion % across the regenerator at certain timcs in the
cycle is shown in figure 4. The pressure oscillation is ghown in figure 5.
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Figure l. Temperature (K) va., time (a) at x =.0 for case L.
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Figure 2, Temperature vs. time at x = 1.0 for case I.
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Figure 5. Pressure vs. time for case I.

5.2 The effect of the hydraulic diameter and matr{x‘heat capacity

In figure 6 the temperature wave at the right boundary 18 'shown, All parsmeters are the same
as in case 1 above, except the hydraulic diameter has been inc-eased by a factor of four. There is

120 T Y T T Y T T T Y
1.6} 4
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‘é; _
= it2 1
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11 3
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= :
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12.0 A 124 12.6 13.0
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Figure 6. Temperature vs. time at x = 1.0 with Dy, (hydraulic diameter} = 4.84FE-4 .
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Figure 7. Temperature vs. time at x = 1.0 with Pelm = +28E+6 J/kg‘m3.

now some separation of the matrix and gas temperature. A greater teparation is’ seen in figuré 7.
Here the heat capacity of the matrix has been increagsed by a factor of 20 over case I.

Our definition of the ineffectiveness is given by the following integral which "4 taken over
the outflow portion of the cycle,

folul(TL, )=T)dE 7 folul(T,-Ty)de.

Here T, and Ty, denote the fixed gas temperature and T(L,t) denotes the gas temperature o. ‘outflow.
Tha- 1neffectiveness as a function of hydraulic diameter, Dh' is shovm in fi{gure 8 for the ccadltions
.of case I. 1In figure 9 the variation with matrix heat capacity, ppCp, is shown.

In table 1, w2 comparé our computed ineffectiveness with that obtained by Daney using a wodel
which assumes nc pressure varlation. Our results are higher, which is probably explained by our

non-zero pregsure swing during the cycle. The table shows that ineffectiveness increases with the
pressure swing.

5.3 The accuracy and consistency of the model

In table 2 the value of the ineffectiveness is shown as a fu:ztion of the numerical resolution.
These results are for case 1 where the frequency is 5 Hz, Note that with &t = 0.001 5 and 4x = 0.1
we have 10 mesh intervals across the regenerator and 200 time steps per cycle. The last run with At
= 0,004 s did nct yteld valid results. The need for a small time step may be explained by the rapid
change in the temperature at the boundary. When the flaw changes from outflow to inflow the.

tem 2rature 1e raised to the boundary value in about 0.0l seconds in this case. Therefore we might
ex.ect some trouble with the larger time step. '
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Table 1. Comparison with Constant Pressure Model.

) Temperature Swing Pressure Swing
Model Ineffectiveness K ¥Pa
constant pressure (Daney) 0.015 —
phase = 0,0 0.027 10,0 - 10,50 2.9 - 3.3
phase = ~14° 0.079 10.0 - 10.62 2.8 ~ 3.8
phase = -29° 0.122 10.0 - 10.79 2.6 - 4.5

Table 2. Accuracy.

Resolution Ineffectivensss
At = 0.001 g
: 0.207
Ax = 0.1
At = G.,001 g
. 0.202
ax = 0,05
At = 0.G005 s
0.201
Ax = 0.025%
AT = 0.006 g
_ 0.23*
Ax = 0.05
&

Did not reach a gteady state -
waegs loss 1Z per cycle. .

In table 3 we compsre the results for case I obtalned from the two wodels. The full equation
solution shows a opnll oscillation in the velocity flald which i not preseant in the solutior using
tiie reduced equations. The CPU ctiae i3 on & COC Cyder 750. The results for the twe wmodels seem to
be in good agreerant. o

5.4 Achieving a quasi-steady state

The reselts described above uere obteined by runaing the model Zor 66 cycles. At this point
there 18 very little chacge of averege or maximum values €rom one cycle to the aexz. For exsmple,
in cage I the manimum gas temperature at the cold end is chenging st a rate of 1077 K par cycle.
This 5 s very emall change; hmrever, this rate appears to be virtially comstant over the last 10 or
20 cycles. Therefore, we don't know how cles2 we are to o steady occillation. At this rate 1000
cycles vould be required to effect a 10 percent change in this maximum temperature. WUe need vo Eind
& method to accelerate couvergence.

Table 3. Comparieocn of Reduced and Full Fguations Hodels.

Temperature Pregsure - CPO
Swing Swing Ties/Cycle
HModel Ineffectiveness K #Pa 8 i
Reduced 0.201 10.0 - 11.2 2.7 - 6.3 6.8
Full 0.186 10.0 ~ 1.1 2.8 ~ 4.3 23
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Notation ST Units
P ~ prescure MPa
o - gas density Kgla>
oa - wmatrix density ke/od
é - acoustic veloéity m/é
u - welceity w/s
Gy ~ Grueneisen parzseter
h = heat transfer coefficient Walr
Py, ~ hydraulic dlameter ‘@
T - gaé tewperature k
Ty ~ watrixz Eenperatuze k
F - friction factor
Cy - gas hest capacitf lJ/kg'K
Cm‘ < patrix heét-cééacii} J/kg&
é -~ porosity
R - Vgae congtant J/kgeK
Y ~ ratio of gpecific hegts
L - length of regenerator 2

a(t) - left endpoint (pfston position) B

b(t) -~ right endpoint B

an.



CRITERIA FOR SCALING HEAT EXCHANGERS TO RINIATURE SIZE

Philipp B. Rudotf von Rohr and Joseph L. Smith, Jr.
Massachusetts institute of Technology
Cryogenic Englnesring Labeoratery
Cembridge, MA 02139

ABSTRACT

The purpose cf this work Is to highlight the particular aspects of
minlzgture hest exchangers performance end to dotermine en appropriate
design approzch. A thermodynsmic analysis Is performed to express the
generated entropy as &8 function of material and geometric
characteristics of the heat exchangsrs. This aexpression ls then used to
slze minlature heat exchangers.

Key words: Minizture hest exchanger dssign; iaminer fiow hest
exchangsr optimizetion; seccond law analysis. v

1. introductiion

In recant years & terge number of -appllcations have besn deveicpad for gmall
superconducting devices being cooled arcund 4.2 K . Thelr visbility will depend on the
svalisblillty of closed cycie, efticlent refrigerators. An extendod survey [1] has
shown that smail scals refrigerators, for losds asround 1 watt, are not commsrcigity
availabie.

Different spproaches have tasen undsrteken to bulld reliable snd officlent closed-
cycte refrigerators. Ih particular, Vulllealer, Glfford-HcHahon and Stirling cycles
wore investigated. These cycles are etflclent at temperatures greater than 10 K. The
main probiems In theso pressure-cycling refrigerators for llguld helium tempsraturas
are rcoted In the poor hesti capaclty of regeneraters materials at low texperstures.
Preliminary studies {2] show that for smali loads Colilins cycls rofrigerators are
advantsgeous. ’

As part of a program to develop an effliclent, closed cycle Colllns type
refrigorator for | watt at 4.2 K, we [Iavestigato the parformance of minlature hellum
plate heat exchangers (Fig. 1). Dus to tho msss flows Invoived, thess hsat exchangers
operate In laninar flow conditions.

We wll| show that the axlal conduction in the solld wa!l has a considarable impact
on the performance of low temperature miniature heat exchangers.
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Figure 1: Plzte heat
exchanger

2. Thermodynamic snalysis

The three meJor contributions to lrreversibltities In heat exchangers are:
2.1, Entropy generation due to friction, S -
2.2. Entropy ganeration dus to femperafurapdlfference
between the heat exchangsr streams,
2.3. Entropy generation due to heat conduction In the
soild wall, Sc

Thelr sum will furnish the genersted entropy for the [solated heat exchanger:
= + .
_’AS. Sp ST + Sc ()
2.1. Entropy generation due %o triction

Assuming that hellun behaves as a perfect gas, woe find that the entropy. generation

due to flow friction Is glven by:

S, = mRllap /p ) + tap/p 0] | 2)

where: m = mass flow

R = gas comastent
P fow pressure
Py high pressure

Since the high pressure stream friction Toss is negligible, Sp is given by:

= ( . .
Sp mR (pL/pL) 3
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where: . 2.2
] [m /¢ aBD"1](+/2Ra)(L/D)
hRe" friction factor [3]
Re = Raynoids number
5 = density
B,0,L= geometric parameters (Fig. 1),

Substituting ap into eq. (3), we tind:

s, = (mzR/pL)(f/ZRe)[L/(BZDz)]. (@)

1t may be immedlately seen from eq. (4) 1haf entropy generation by friction ulll
Increase with Increasing heat exchanger length L and decreaslng breadth B and wall-to-
wall distance D.

2.2. Entropy generation due to finite tempersture differenca
The genérgfed entropy due to finite temperature difference is:

o2 200 — ,
ST =M cp L(ZD/(kau) + ?/ku)L(Tl‘TZ)/(TITZ)J('/(BL))"' (5}

whera: ¢_ = spaclfic heaf at constant pressure of fhe fluld
kP = fluid thermal conductivity
kw = wall therma! conductivity
Nu = Nusselt number.

The derlvation of eq. (5) Is summarized in the Appendix.
It may be sesen from eq. (5) that the entropy generation will decreass with

decroasing wall-to-wall distance D and wall thickness t and increasing plate b'ead‘h B
and heat exchanger length L.

2.5. Enfropy generafion due to heat conduction in the sotld wall

The temperature gradient In the heat exchanger walils Is linear and the heat
conductivity, kw and the crossectional zrea AS are censtant; then the enfropy ganerstion
S associated with the heat transfer by condiction, Qc ls'

Sc = QC(T1°T2)/(T1T2) . (6)
where:

Qc =A(T\_T2)kuAs/L .- (7}

It may be seer from eqs. (6) and (7) that the entropy genaration by axial wall
conduction will increass with increasing crossectional eres A =38t and decreasing heat
exchanqger length L.

2.4. Overall entropy generation

The generated entropy In a laminar counterfliow heat exchanger, assuming hellum
behaves. as perfect gas and with constant material properties, Is derived from egs.
(1),(31,(4),(5) and (6):
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S = ij[f/(Z‘1RepL)J[L/(8203;] + .
22 '
m-c “[(20/k N (T, -
i L /thu) /R VT, T /T TI01/BLY] + (8)
ka(T'sz) /(T'Tz)](BT/L).
It will be useful, for the purposes of simplifying the exprassion of S snd to

recognize familiar dimenslonless parameters, to obtain a dimensionless form for eq.
(8). This is achleved by dividing eg. (8) by L(kf/tﬁmJ, that is constant at pressures

below 20 atm {4]. Equation (8) then becomes:
- 2 .
S/LU70Im] = Ll /k ) (LI (1L5/Re) (T =T /(T T, 000 +
[((T‘-T2)2/(T‘Tz))(PrzRe/Nu)(D/L)] +
(9

_ 2 2
Lk /i) (H/L) (RePr2/2) (T T2 /(T T, ] +
C(R/c,) (PrRo) (£ $rsp o L.

This is the entropy S generated in a counterflow leminar hest exchanger, valld for
ideal gases In the lemlnar flow range with Re larger than 100 L£3].

3. Heat exéhanger sizing

The gecmeirlcal parameters chosen are the wall thickness t, the breadih B; the
wall-to-wall distance D and the hest exchanger length L. Material propertiss are
definad by ku'

Results will show that the entropy generaticn decreases with decreasing t and
increasing L. and: 8, with k” = ku(s) end D = D(L). Rt o

3.1 General methodelogy for minlature haat exchanger sizing
Equation (9) shows that the wall thickness t needs fo be small for minimum entropy
generation. Consequently Its value wilt be determined by structural requirements.

The flrst der}va*lve of S with respect fobku Is set to zero:

kﬁ = 0.32RePrk (10)

.

Equation (10) hes a form that is simllar to the optimized wall thermal
conductivity for a coricentric tube heat exchanger [5].
For B conslderably targer than D, the Reynolds number may be expressed as:

Re = Zm/(Bv) . (11)
Substituting eq. (10) Into oq. (9), we find:

S/Ltk A In] = 1.22Pr((T‘—T2)2/(T‘T2))(f/L) +
(PrzRe/Nu)(T,-Tz)z/(T‘Tz){D/L) + (12)

2 3
(PrRe)(R/cp)(fu /(BpL;L))(L/D ).
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The minimum of the entropy gsnoration with respect to the wall-to-uall dlstance D
Is then determined similarly: .

o 2 : 132 5. .5 .
D = LR/ 6™/ (Zpp 1) (W/PE)I/ (T =T ) /(r‘rz))]z y’. an .

Equaflon‘(IB) Is substituted Into eq. (12); S Is then oxpressed as & function of L
and Re. vhere Re Is defined by eq.(11): .

.5

S/TtkehInd = ¢, (/L) + cRell)™ "7, (14)

2

where:

Loy =122 UT, Ty /(T )

1. 75/ W25, .2 .25.

)((T -T ) /(T T )) (R/cp) (fv /(pLPL))

= l 05(Pr i

7

Tho functlion S is monotonlc decreasing with Increasing L and decrsasing Re. The
remaining parameters B and L may be evaluated by considering space limitation, heat
leak to the surrounding and manufacturing costs.

3.2. Applications for hefium hest exchangers

Ho take lnfo conslderation a laminar counterfiow plafe heet exchanger for a two-’
axpender-satursted-vapor-pressure cycle refrigerater [6] with a cooling load of 1§ watt "
at 4.2 K. \Wlith a ressonable expander eofficiency, the mass flow {n the balanced heat
axchangar betweon 300 K and 60 ¥ Is 0.1 g/a, while the mass flow In the heat exchangsr
betusen 30 K and 14K }s 0.085 g/s. L

The generated enfropy as a function of the length L, using the Reynol!ds number as
8 peramster, Is shown In Figures 2 and 3 for ?he iwo heat exchanger,.

The heat exchangers bresdth B Is computed from oq. (10) for {wo Raynolds numbers ¢
Figure 2: for Re = 1G0, B .= 0.171 m &nd for Re = 300, B8 = 0.057 m
- Flgure 3: for Rg .= 150, B = 0.294 m and for Re = 300, B = 0.147 m,

The cptimized walli~-to-wall distance D is computed from aq. (i3):
Flgure 2: for Q.im< L < 1.Cm 0.26mm < D < Q.82mn
Figure 3: for O.lm< L < 1.0m 0.06ma <D < 0.1%mwn ,

Figures 2 and 3 also chow the entropy generation due to axlal wall conductlen. Its

contribution to the total entropy genaratlion is particulerly significant for the cold
minicture heat exchanger end, in goneral, for low Reynolds numbers.
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4, Conclusions

The thermudynsmic analysis performed In this work conslists of:
- expressing the entropy gensration contributions dus to the axlal wall conduction, due
to the pressure loss snd due to the finite temperature difference as a functlon of four
gecmatricsl paremeters and one mzterial cheracteristic.
- minimizing the generated entropy and thereby reducing the set of lndapandenf
parameters.

In ministure heat exchangers, axlal conduction in the wall may becoma an liportant
phenomenon.

It 1s shown that the minlature heat exchanger design may not be performed by .
simply scaling down standard heat exchangers becsuse of the short heat exchanger length
and the lamipar flow.
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Appendix

The temperature dlfference AT between the streams compsred to the axiel
temparature dlfference (T,~T,} Is assumed to be small, then the heat transfer rate
through the heat exchange} sarface A lss

Q= mcp(T'—Tz) = halA . (A1)

(Assuming tho same convective heat transfor caeff{clenfs h for the high and o
pressure streams, we find:

= (Nuk,)/0, (A2)
)
\ Thus the overall haat transfer coefflcient h Is:
i/h = 2/hco + f/Ku- (A3)
Considering the ftluid heat conductivity k lndebendenf of the pressure; eq. (A2)
shows That the wali-to-wall distance D Is equal for both channels. -
The finite temperature difference Is derived from eqs; (AZi,(AS) and (Al):
= \4 - + .
AT (ncp/A)(T1 TZ)[(ZD/(kau)) (*/ku)] (A4)
The entropy aencratlon due to the finlte fémperafure differencea T Is:
ST = mcpu‘f(T'-Tz)/(T‘Tz) . (A5)

By substituting eq. (A4) Into eq. (A5}, the entropy generation ST becomes:

S, = mlc 2[(70/(k Nu)) + (t/k )][tT T ) /(T )][1/(BL)]. (A8)
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Nomenclature

area

Re Reynolds number
plate uldth S entropy
i constent in eq. (14) t plate thickness
T temperaturs
2 constant in eq. (14) A dgifference
. v viscoslty
o spoclfic heat of ges P denslity
' plate spacing Subscripts
frictlon factor .
heat transfer cosffictent 1 warm end of exchanger
co convective heat transfer coefficient 2 cold end of exchanger
c wal| conduction
thermal conductlivity £ fluid
heat exchanger length H high pressure passage
mass L low pressure.passags
u Nussett number P frictional pressure drop
pressure "5 cross section
r Prandt! number T gas heat transfer
heat transfer rate ] wall :
gas constant
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A CLOSED CYCLE CASCADE JOL".~ THOMSON REFRIGEPATOR
. FOR
COOL[NG JOSEPHSON S, TION DEVICES

Emanuel Tward

Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California 91109

and

Raymond Sarwinski

R. G. Hansen and Asscciates
San Diego, California 92121

A closed cycie cascade Joule Thomson refrigzrator designed to cool Joseph-
son Junction magnetometers. to Tiquid helijum temperatures is being developed.
The refrigerator incorporates 4 stages of cooling using the working fluids CFA,
and He. The high pressure gases are provided by a small conpressoy de-
s1gneg for this purpose. The upper three stages have been operated and perform-
ance will be describad. ' : ‘

Key words: Cascade Jou1e Thomson‘refrigerator; cryocooler.

1. “Intfcduction

‘The problem of cooling of Josephson junction devices to liquid helium temperatures is becoming
increasingly important as systems incerporating such devices are becoming move widespread. Tradi-
tionally, experimentalists have preferred the use of liquid helium dewars since, in a leboratory -
setting where Tiquid helium is readily available, they are convenient to use. Dasvices can be )
cooled and warmed quickly and tests can be made with little attention to the cooler other than rz-
plenishment of the licuid helium criogen. Howaver, once devices are integrated into a system and -
are to be used for ex <tended periods of time, the.use of liquid helium dewars cften becomes incon-
venient, especially if the cystem is to be operated remotely from a readily available 11qu1d hel1um
supply or if the system is inaccessible by service personn°1 . .

Undar. the;e circumstancea. it would be preferable to use a cryocooler. The 1deal cryocoo]er .
would be one that is convenient to operate (i.e., flick the switch to turn on the power) and it
does the job. In addition, the cooler should be efficient, occupy a small volume, be adaptable to
cool a wide range of instruments, and have minimal interaction with the instrument (other than
cooling it). This latter requirement is ecpecially important for the cooling of Josephson junction
magnetometers which are very sensitive to electromagnetic interference (EMI) and to vibration.

Be'auae of this constraint almost all magnetcmaters are coo\ed in liguid helium dewars ALY
commercially available tryccoolers use expansion engines and hence act as sources of both EMI and
vibration. Therefore, all such coolers are generally unsuitable for the most demanding applica-
tions, unless the instrument is contained in a liquid helium dewar and is being continuousiy cooled
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by a remotely sited refrigerator. Such a refrigerator could be coupled to the instrument, for ex-
ample, through a continuously flowing liquid helium transfer line. It is often the case that the
cooling power required is much less than one watt. The smallest commercially available ccolers
have cooling powers greater than one watt. In this sense they are alcc ove-designed for the small.
cooling power applications.

Attempts have been made to build low cooling power Stirling cycle cryocoolers [1] . These
machines incorporate plastic materials in order to reduce EMI from moving conducting materials and
require mechanical balancing in order to reduce vibration. In our view, a far better approach -is
to construct a refrigerator with no cold woving parts. This has been implemented through the use
of the cascade Joule Thomson process [2]. Since Joule Thomson refrigerators require a source of
very pure high pressure gas, suitable low flow rate large compression ratio compressors ara re-
quired. We have taken two approaches to this problem. For very long life refrigerators, chiefly
for space applications in which no servicing is possible, we have developed non-mechanical ad-
sorption compressors which are thermally driven and incorporate no moving parts [3]. In the second
approach we have designed and built a small mechanical compressar which provides very clean high
pressure gas to the refrigerator. The compressor can be remotely sited from the refrigerator and
connected to it only through long capillaries through which the high pressure room temperature
gases are brought to the JT refrigerators and the low pressure room temperature return gases are
returned to be recompressed. In this way, EMI is reduced by distance and vibration is greatly
reduced because of the weak mechanical coupling to the cold (business) end of the refrigerator.

2. Cascade Joule Thomson refrigerators

The Joule Thomson process is in wide use for crycgenic coolers. For small cooling powers its
major application is in the cooling of IR sensors typically to liquid nitrogen temperatures and
above. For small cooling powers the JT refrigerators (heat -exchanger plus expansion valve) can be
implemented in a variety of ways {4, 5]. In our case we have used parallel metal tube heat ex-
changers with a constricted tub. as the expansion valve. : :

The Joule Thomson process i5 conceptually simple. High pressure gas of enthalpy ”h enters the
inlet of heat exchanger, expands and cools at the JT orifice and returns through the low pressure
side of the heat exchanger in order to precool the incoming pressure gas. At the outlet of the
heat exchanger the low pressure gas has an eathalpy H . The cooling power of the device is given

by .
Q = m(HL - Hh) >

where m is the mass flow rate. The JT process produces cooling (rather than heating) only if

H > Hy for the particular gas at the inlet temperature of the heat exchanger. - The temperature
aoove which H is-always less than H_ is called the inversion temperaiure. Therefare, in order .
to reach }iquﬁd helium temperatures Q minimum of three different gases in three cooling Joops are
required. In the cascade process an upper temperature refrigerator precaots the inlet gas toa
lower stage refrigerator to a temperature .below the inversion temperature of the gas in the lower
stage. .

In our system we have implemented each JT loop in similar fashion. A scRematic of the upper
. stage loop and the components incorporated is shown in figure 1. The loop incorporates both warm
and cold filters as a precaution against contamiration resulting in clogging of the refrigerator.
The cascaded JT refrigerator which we are reporting on has been implemanted with four stages using
the working fluids CFg, Nj, Hy, He. The four stages (rather than three) were used because of in-
creased thermodynamic efficiency and because lower pressures are required from the compressor for
the upper stages. The four independent fluid loops are configured as shown in figure 2.

Because of the low gas flows, the eight gas lines to the refrigerator (2 per stage) can be
long enough for the compressor to be far from the refrigerator (we have used 3.2 meter lengths) and
can pe of small diameter (smallest diameter 0.16 cm OD). This provides a very flexible interface
to the sensor cryogenics. The refrigerator opsrates in any orientation which should make the de-
vice much easier to use than sensors using liquid helium dewars. The prototype refrigerator shown
in figure 3 was specifically designed to cool a SHE biomagnetic probe [6] with a 2nd order gradio-
meter input coil. A schematic of the cryostat is shown in figure 4. To date, only three of the
four stages have been operated. Figures 5 and 6 show cool down curves for the various stages. The
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longer than necessary cool down times are due to the fact that these measurements were taken with
a leak in one ¢f the loops which resulted in excessive heat leak through the inadequately main-
tained dewar vacuum. The lemperature resched at each stage is determinad by the pressure atl the -
liquid reservoir which is in turn determined by the impedance of the J-T orifice, the pressure
drop in the low side heat exchanger and the inlet pressure to the compressor. In the experiments
to date, gas flows through each of the loops have been in the range of 50 STP cc/sec and are
chiefly determined by the impedance of the J-T orifice. Hith lower gas flows we expect smaller
pressure drop in the low side heat exchangers, smaller compressor inlet pressures and hence lower
operating temperatures at each stage. The design goa) was for flow rates of 15 STP cc/sec in each
loop. Once all four stages are operating we intend to reduce the flow rates (and cooling powers)
to each stage so that the lowest.possible temperatures can be achieved.

3. Conclusions
Closed cycle Joule Thomson ccolers appear to be an attractive solution to the problem of
cooling YTow power devices to low temperatures. Their small size, orientation independent perform-

ance, and absence of cold moving parts make them particularly useful for application where EMI and
vibration are a problem.

" The assistance of John Watkins, John Gatewood and James Peterson has contrihuted greatly to
this effort. Support for this research was provided by the Qffice of Naval Research and the Air
force Medical Research Laborateries.

4. References

-] ziwmerman, J. E., Davey, D. E. and Sullivan, D. B. In M. Gasser (Ed Y, Refr.geratwoﬂ for
Cryogenic Sensors, NASA Conference Publication 2287, 95-105.

{21 Tward, E. and Steyert, ¥. A., In M. Gasser (Ed.). Refrigeration for Cryogenic Sensors, HASA
Conference Publication 2287, 419-425. .

{31 chan, C. K., Tward, E. and Elleman, D. D. Proceed1ngs of Cryogenic Enginecr.ng Conrerence,
1983, in press

" {4] Malker, G. Cryocoolers, Plenum Press, New York, 1983. o

[5] tittle, W. A. Microminiature refrigeration, Rev. Scx. Instrum. 55 (5) 661-680 (10843

- [6] SHE Corporation, San Diegs, California.

222



ROGW TIMPIRATUNT
- —

}

e e = vmn —

CRYOGINIC TEXPERATUAE

cr ", [
LA 4 LR
“i ] 5 l | <
SECRANICAL CORIRLEZEOR
) v S
< & s
? i § "o B ) % 2 z
REEE fyCnn < F Z
Ty GOLD PLATE ¢ T ape s I AR "
CONT ARGART =Y [ HLAT HEAT
FRLTEN €= ix [
groned
(TRS cabaiiawy g
It St B s H :
| 2T Owrird u:.?} § ::.:
- 8§52 ren - t e
At L xcoinriares NNSINEY G - 0 S )
Excuexase
[ HEAT '] ik J
—.:1
CONMTatRANT £ L
FUTER <
T &
"
} £ ORY CE A% =
REATALCR <
CTCR D RATE Sy S e e noeray
PARYICLLATE &
Furea
[ LAY ]
€n
¥ "
] g
Lo 1%
1 oraricE o g
Schematic of a single stage J-T cooler. Fig. Z. Schematic of a cascaded four stage J-T

Fig. 3.

cooler.

Four stage cascaded J-T cooler designed to cpol biowdgnetic probe.

223



GAS INPUT AND

SOUIC ELECTRICAL . QUTPUT 12 OF )
CONNECTOR —
TRIAT.
ronrsr s M=t piecvrical
(10F 3) ~oih B e CONNECTOR
N I
1
| VACULM
i 165K PLATE
{5 (CF 4 JT CODLER).
‘88K PLATE
{f, ST COCLER)
22K FLATE
157 (1, 3T CODLER)

1 88K PLATE
i | (s ST CODLER)

SQUID

L LIGUID HELIUM
RESERVOIR

| 3% THERMAL SHIELD
TG ’
1 2ox THERMAL SHiELD
i G
W%k 85K THERMAL SHIELD
i (el

;LL\ SUPERINSULATION

" Fig. 4. Schematic of single sensor neuromagnetemeter incorporating closed J-T cooler,

224



e CF,
n!
..--“'. Hz
—— e — CF‘X
-
x
i
«
2
d
<4
(1]
0.
=
w
-
100+
20 o A b, - 1 2 1 4 I 3. s
o 2 a ] 8 [[+] -4 ) 1<) 4] & z2 28 .

TIE (HRS)

-~ Fig. 5. Cooldomwn of upper two stages of refrigerator. The Hp stage is being ceoled by con-
" duction. The curve lsbelicd, CF X indicates the out?et terperature of the heat exchangzr.
The low temperatiure after cooldodn is due to excess cooling power. ) ’

250

Cirly

210

’

a8 : llz - 3] 3’5 F]
TISE {HRS)

.-Fig. 6. H, stage cool down. the temperature stability. The‘raﬁid conl down below 70 K is due
. tg increased gas flow and cooling power as the impedance of the refrigerator drops with
temperature. : L

225
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This simple cryocooler provides a small reservoir of liquid helium at a
stable temperature of 4.2K. It uses a novel adaptation of the Simon expansion -
cryccooler to provide continuous cooling. Operation is in a four stage cycle:
(1) A closed vessel of helium upnder high pressure is cooled to 12K using a
conventional Gifferd-McMahon closed-cycle cryocooler. (2) The pressure is
released adiabatically providing cooling to 4.2K, (3) Liquid helium is
collected in & second, well insulated, vessel,  (4) The first vessel is re-~
pressurized. The cycle time is 15-30 minutes. In this manner, a pool of liquid
helium is continucusly maintained in the second vessel, with 3 temperature
stability of 0.03 degrees. The continuous cooling power available is 3mW,

This design provides simplicity and reliability through the absence of any
orifices or moving parts at cryogeric temperatures except for the conventional
Gifford-MclMshon cryoccoler.

Key words: Cryocoolers; smallj liquifiers; helium liquifiers; liquid helium{
helium; isentropic expansion; Simon; Cifford-McMahon; refrigeratora. -

1. Introduction

Historically, the development of low temperature physics ard its applications have rapidly
followed the development of cryogenic refrigerators, or "cryocoolers". There is now a host of
applications of low temperatures, especially those using superconductors, which are not-econcmical,
given the high cost of wost commercial heljum liquifiers. Those applications which are economicel
generally rely on the presence of a large helijum liquifier in their vicinity. Driven by this need
for inexpensive helium liquifiers our group has developed a number of differeant cyyocoolers, This
paper describes one of our cryccoolers. For a more coaplete review of our:work and that of others
in this field the reader is referred to several recent reviews of progress .in the field of
inexpensive helium liquifiers {1,2,3}.

We have built a simple and inexpensive helium liquifier using a commercial two stage
Gifford-McMahon cycle crycccoler (of the type used in crycpumps) for the initial stages of cooling.
The novelty of our cryocooler is that it is able to provide continuous cooling at liquid helium
temperature, by recycling an adiasbatic expander. The liquifier is useful for many applicatiens
with modest cooling pover requirecents, i.e. the operation of small superconducting devices, L
infra-red detectors, laboratory measurezents of material properties at low temperatures and neutron
diffraction measurements.

2. Principles of operaticn

2.1 Adisbatic Expansion

Helium is liquified in our cryccooler by adiabatic (isentropic) expansion of previously
cooled, high pressure helium gas. This technique was exploited by Simon [4] in 1932 using liquid
hydrogen to precool the compressed gas. In our cryocooler, an expansion volume of 10 ml is cooled
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" to 12K, by the two stage Gifford- McMahon cryocooler, while filling with helium at_a preapure of 6.2
MPa (62 bars). Once cooled, the mass or supercritical gas in the expansion volume will be 1.€'g
{5]. When an exhaust valve is opened to allow this gas to escape (to the atmosphere) to a

pressure of 0.1 MPa cooling is produced in the expansion volume. This process is very nearly
adiabatic because at these low temperatures the specific heat of the metal vessel is negligible
compared to the specific heat of helium gas. At the O.I1MPa pressure, the expansion volume will
contain 1.7 ml of liquid helium with the remainder gaseous for a total of 0,35 g.

2.2 Principle of cycled adiabstic expansion

The 1iquefaction process described above is of a one~shot nature. Aftcr the liquid
generated has been boiled off, the temperature rises. In order to recycle the expansion volume
it must be filled with compressed helium gas. Since the refill gas comes from outside the
apparatus it is initiaslly warm. In addition, the process of compressing the gas adieabatially
produces heating. The expansion volume must be cooled to 12K again by the two stage
Gifford-cMahon cryoccoler before the next expansion and liquefaction cycle may comeence. In this
manner the adiabatic expansion may be cycled, but the temperature of the expansion volume will
oscillate between 4.2K and 20K.

In order to achieve a constant temperature liquid helium bath, a separate, well insulated,
container is attached to the bottom of the expansion volume to act as a ligquid helium
reservoir. This reservoir is replenished with liquid helium at each expansion phase of the
cycle. During the compression phase, however, the liquid in this reservoir may be boiled to
provide a continuous 4.2K temperature bath.’

2.3 Principle of thermal diode

Proper operaticn of the liquid helium reservoir requires that it be in good thermsl contact
with the expansion volume during the expansion phase, but that it be thermally isolated during
* the coampression phase. The natural tendency of cold helium to flow to the bottom of a coatainer
is used to provide this switching action in our cryocooler, The liquid reservoir is located
directly below the expansion vessel. During the expansion phase a slight overpressure in the
reservoir allows helium to condense on its cold top surface. This liquid then flews to the bottom
of the reservoir. During the compression phase the expansion volume hcets up to approximately 20K.-
This also heats the gas in the upper part of the insuletion tube, However, due to the low
thermal conductivity of helium and due te the natural stratification of the gas: with the varm gas
on top, little heat is conducted down to the liquid reservoir,

The function of the long insulation tube at the top of the liguid reservior is analogous to an
* electrical dicde. When the top end is cold it conducts heat, either by natural convection curreants
or by liquefaction and boiling of helium. When the top end is hot it becomes a thermal iusulator.
The helium pas stratifies and convection currents cease.

2.4 Operating c9c1e

The operating cycle is shown in figure 1. There are four phases to the cycle. At (a), helium gas
at a pressure of 6.2MPa (62 bars) is cooled to 12K using a conventional two-stage Gifford-¥ciHshon
closed cycle refrigerator. At (b), a valve at room temperature is opened allowing the gas to
expand. ‘The cxpansion is essentially adiabatic, since at 12X the specific heat of the stainless
steel and copper high pressure expansion vessel is negligible compared to the heat of its gaseous
helium contents. The cooling provided by the cxpansion rcsults in the vessel remaining
approximately one-sixth full of liquid helium. At (c), helium gas at a slight overpressure is
piped through counterflow heat exchsngers and enters the liquid reserveir. Good thermal contact
with the bottom of the expansion vessel causes condensation of the incoming helium and evaporation
of liquid helium in the expansion vessel. The cold helium produced by evaporation is piped through
the counterflow hea; exchangers and is vented to the atmosphere. In effect, liquid beliuva from the
expansion vessel is "transferred" to the liquid reservoir, although there is no plumbing connection
joining the two vessels. The final step in the cycle, (d), is that high prescure helium gas is
forced back into the expansion vessel, figure 1(d). This compression raises the temperature of the
expansion vessel to about 20K, At ths stage of the cycle, gravity causes stratification to the
heljum gas - thermally insulating the liquid helium (4.2K) at the bottom of the liquid reservoir,
from the relatively hot (20K) cxpansion vessel,
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2.5 Temperature stability in the liquid reservoir

The temperature in the pool of liquid helium in the reservoir is held stable at the boiling
point of liquid helium (4.2K). In order to allow helium to condense the pressure in the reservoir
is increased to about 0.12MPa2 (1.2 atmospheres) during the expansion phase. Condensation causes
heating of the top layer of liquid helium to its boiling point at this new increased .pressure
(4.4X). However, the liquid lcwer down in the reservoir is not heated by condensation. The liquid
helium stratifies vith a thin warm layer on top. Heating of the liquid at the bottom of the
reservoir is by thermal conduction through the liquid end by adiabatic compression of the ligquid.
The adiabatic compression term is only approximately 20 millidegrees. The thermsl conduction term
can be much larger. Howaver; the high specific heat of liquid helium and its low thermal
conductivity make thermal conduction through the liquid & very slow process, The variation in
temperature 6T at a depth X due to en abrupt change in temperature of AT at the surface is

229



given by,

6T _ x [pCo
ar= ' °"(§\]}‘R‘)
2

where é u
erf(u) = —
53 A

is Gauss's error integfal[6]. The specific heat of liquid helium per unit volume, at constant
pressure is pCp. The thermal conductivity of liquid helium is K and 1 is the time elapsed
since the temperature change on the surface.

For example, consider the 0.2 degree change in temperature st the surface of the liquid. The
time required for that to cause a temperature change of 0.020 degree is one minute for a liquid
helium depth of 0.3cm but is one hour for a depth of only 2.5ctm.

In our cryocooler, the liquid reservoir is at a pressure above atmospheric for only 5 minutes
during each cycle. Temperature fluctations due to warming of the liquid during this period ere
‘therefore substantially dampened once the liquid reservoir starts to accumulate a certaln depth of
liquid helium.

3. Cryocooler design

A schematic of the four-stage cryocooler is shown in figure 2. ‘The first two stages -f
cooling, nominally 70X and 12K, are provided by a conventional laboratory Gifford-kckMahen ¢,cle
crycooler, The third and fourth stage system is thermally connected to the two-stege c¢ryccoler,
Helium gas lines go from room temperature to the third stage expansion vessel and to the fourth
stage liquid helium reservoir.. The two.ges lines asre not interconnected and their helium supplies
are independent. Operation of the crycooler is achieved by cycling the pressures at the room
temperature ends of the expansion vessel line and the liquid reservoir line.

For simplicity and ease of construyction, the pressures are cycled by means of apeniing and
closing electric solenoid valves. The gas lines are alternately charged from compressed gas
cylinders and vented to a helium recovery system at one stmosphere pressure, Mazximium pressures
are set by regulator valves on the gas cylinders. They are set at 6,2MPa (62 bars) for. the .
expansion vessel and G,12MPa (0.02MPa above atmospheric) for the liquid helium reserveir line. The
solenoid valves are controlled by an electrenic cycle timing clrcuit. The rates of charging and
venting are quite critical, they are set by manual valves, '

The cycle timing is wainly determined by how long it takes the two-stage croycooler to cool
the expansion vessel to a threshold temperature of approximately 12K. If the threshold is set too
low then it takes a very long time to cool down and the cycle time becomes too leng. If the
threshold is fet toc high fhen very little, or no, liquid helinm will be produced during the
expansion phase. Typical cycle times are shown in figure 3.

The critical parameter in the design is the length of the time required to complete one cycle,

If it takes too long then all the liquid in the reservoir will boil away before the next expansion
(cooling) phase commences. During each cycle almost all of the helium gas in the expansion vessel
is taken to room remperature then returned to below 12K, The minimum cycle time is mainly
deterwined by hov long it takes the two-stage cryccoler to cool this mass of helium gas from 300K
to 12X. This time is substantially reduced by using effective regenerators to utilize the cooling’
power of the escaping gasses of one cycle to cool the incoming gasses of the next cycle. The
dimensions and masses of the heat exchanger-regenerators are given in table 1. Note that,
effective regeneration is assured between 300K and 70X by 500 grams of stainless steel in exchanger‘
El. Regeneration below 70K is acheived by 850 g of lead shot in exchanger E3. These massive
components lengthen the initial cooldown of the crycooler (by about 20 hours) but speed up the
operating cycle rate. We have also tested a Simon expander without these regenerators, As
expectrd, its minimum cycle time was too long (over one hour) to maintain a bath of liquid heliunm.

Another feature worthy of note is the use of the counterflow heat exchanger number E4
(12K-4,2K). This is essential in order for the liquid helium 'transfer', phese (c), to'take place.
Helium gas entering the liquid reservoir must be cooled to just above its boiling point ‘before
passing through the copper powder heat exchanger number E5, If this is not done the cooling powar
of the boiling liquid in the expansion vessel will be wasted in irreversible heat trensfer to hot
" helium gas and no liquid will be collected in the reservoir. :
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Figure 3 ~ Cryccocler cycle with no heat load

I) Pressure at the room temperature end of the expansion volume gas line.
II) Pressure at the room tempersture end of the liquid reservoir gas line,
III) Measured temperature at the bottom of the expansion volume.

1V) Estimated volume of liquid helium in the expansion volume,

V) Measured temperature at the bottom of the liquid reservoir,

VI) Estimated volume of liquid helium in the liquid reservoir.
VII) Phases of the operating cycle (see also fig. 1).
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4, Experimental performance -

. Figure 3 shows measured cyclic temperature variations at the bottom of the expansion vessel
and at the bottom of the liquid reservoir. For convenience, estimsted pressure and liquid helium
level variations are also shown. The cryocooler provides a good degree of inherent temperature
stability. The observed temperature fluctuations at the bottom of the liquid reservoir vere only
30 millidegrees, in spite of the 16 degree variation in the temperature of the expansion vessel,
This stability is achieved without any electronic temperature regulation.

It was not possible to directly measure the amount of liquid helium in each of the vessels
with our apparatus. We have estimated the amount of liquid produced by measuring the time required
to boil it off by means of electric heaters. In a series of single expansion experiments we
observed that approximately 2 ml of liquid is produced in the expansion vessel. After a similar
expansion followed by a 'tronsfer' phase approximately 1 ml of liquid had collected in the
reservoir, The expansion vessel itself acts as a thermal diode and can retain its charoe of liquzd
for 28 minutey in spite of the fact that its upper surface stays near 12K. That heat leak
corresponds to 3 mW which agrees with the value calculated from the thermal conductivity through
its thick steel walls. A low thermal conductivity between the top and bottom of the expansion
vessel is important so that a pool of liquid may remain at the bottom for long enough to be
ftransferred’ to the reservolir.

The startup of the cryocooler requires 24 hours of operation of the two stage Gifford -McMahon
cycle cryocooler in order to reach 12K. This is due to the massive regenerators which must be
cooled. The startup time could be reduced somewhat by providing heat switches to improve the .
thermal contact to the regenerators. Once the 12K threshold has been reached full operation starts

~quickly with liquid helium remaining in the reservoir after a couple of cycles, The temperature
stability in the reservoir improves dramatically after several additional cycles due to the
accumulation of a8 sufficient depth of liquid helium.

The success of our ctyocooler depends on the excellent thermal isolation provided by the thin
wall ctainless steel insulation tube which separates the expansion vessel from the liquid
reservoir. The dimensions of this tube are given in table 1. WVith one end of the tube st 20X and
the other end at 4.2K the theoretical heat leak by conduction through the steel is 0.4 mi and by
condu:tion through the helium is 0.06mW. The liquid reservoir was abserved to retair a charge of
liguid for over two hours without replenishment. The liquid cherge was appreximately 2 ml. 50
this corresponds to a total heat leak of only 0.6 aW.

The cryocooler has been operated with a continuous heat load of 3 n¥W and it maintains a pool
of liquid helium at all times, This power Setting agrees with that expected:Arcr the latent hea
of boiling of 1 ml of liquid every 15 minutes. Naturally, the heat load increases the tempsrature
variation at the liquid reservoir. The wmaximum temperature variation is nevertheless limited by .
the boiling point of helium at the pressure applied. Additional temperature regulation could also
be incorporated by controllipg the pressures in the two gas lines,

The consumption of helium gas from the supply cylinder is such that the cryocooler can be
operated for approximately 250 cycles from a laboratory 6 sterderd cubic meter compressed gas
cylinder. With 15 minute cycles this corresponds to 60 hours of continuous operstion. If the
meximum cooling pover is not needed the cycle time may be increased to 30 minutes to extend this
period. Another advantage of this design is that cycling can -be stopped in the primed state, phase
(a), svch that liquid helium may be produced at the touch of a button when needed.

5. Conclusions

A cycled adiabatic expansion crycooler which provides continuous ccoling at liquid helium
temperature has been demonstrated, Temperature stsbility of the liquid reserveir is very good
because it is controlled by the boiling point of liquid helium, Unlike Joule-Thompson cryoceoolers,
this degign does not have any small orifices prone to plugging. It alac has ro moving parts in the -
third or fourth stages, These festures allow this crycooler to operate even with contaminated
helium and make it highly reliabie.

Th2 cycled adiabatic cryococler does not provide as much «eoling power st liquid helium
temperaiure as the Quantum Technology Corp. Joule-Thompson cryjcoolers using the same two-stage )
Gifford-McMohon cryocooler. However, it does have its own dovain of application wherz the ipherent
temperature stadility and reliability of the cycled-adiabatic cryocooler make it more advantageous.
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Table 1 - Helium liquifier dimensions

STAGE TEP, W ¢ TUBE TUBE MATERIAL HASS
RRSCE LS TER BALL LENGTH
-4 ca GO [+ o g:

(R) ERPAKSICN VOLIBE HIGH FRESSURE TUSING

E1 300-70 0.58 0.09 500 SS . 500

€2 70 0.95 .0.15 23 Cu 90
4 - 70 copper shot inside copper tubs 30
E3 70-12 0.48 - 0.05 210 sS - 130
€3, .70-%2 . lead shot regenerator ilnside 5SS tube - Po 75
E3 70-12 lead shot regenerator outside SS tube Pb 775
ES . 12-4 0.32 0.05 50 SS 20
Expansion volumz 4.2 1.6 0.17 8 SS ‘65

(B) LICUID RESIRVOIM LOJ PRESSWYE TUSEHG

€1 300-70 0.16 0.02 530 SS 50

E3 70-12 1.27 0.09 210 SS 550

23 12-4.2 0.16 0.02 50 S5 4

- ES 4,2 1 0.5 Preased Cu'powder 20
Insulation tube 4.2 0.64 0.02 1% sS 5
Liqulid reservolr 4.2 " 2 ml volume Cu 10

ROTES: - Expansion chaember volume = 70 ml.

- Low preszure and hlgh'pressure tubes are concentric heat
exchangers at stages E1, E3 and E&. '
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This paper describes the design and develapment of a Vuilleumier cycle
cryocooler (VM coo]er) operating below B K, for the application of smal)
superconducting devices. Liquid nitrogen has been used as a2 heat sink of o
the hot displacer. The annular gap between the phenolic displacer and SUS ™ “wo=di=x 7
304 stainless cylinder has been used as a gap regenerator. In order to ‘
obtain the cooling temperature below.8 K, we designed a single stage VM
cooler which is precoogled to 10 K by another two stage VM cooler,

The effect of the mean operating pressure, cycle speed and phase difference
between the hot and cold displacer of each VM cooler will be also discussed,
including the experimental results,

Key words: Cryoccolers; heat exchangers; heiium;:iow temperafure;«
refrigerators; regenerators; Vuilieumier cycle.

1. " Introduction

The requirement of low-power cryoceoler investigation for several electronic devices, such as
infrared detectors or superconducting devices, has recently increased. This kind of coeler will -
be used for long term operation with no maintenance. Closed-cycie cryoceolers using
gap-regenerators are suitable for these requirements. Zimmerman and Padebaugh have developed a
four-stage split-Stirling cryococier operating at the temperature of about 8.5 K as a SQUID cooler
1. Hyrtle, et al have a!so demonsirated operation of a split-Stirling cryccooler at 9 K using a
single hollow conical displacer [2]. Sager and Paulson have constructed a four stagﬂ
- Gifford-HcHahon cycle which achieved an ultimate temperature of 7.1 K {3].

It seems to be difficuit to obtain the temperature of below § K with thase methods, however,
Zirmerman and Suliiven fave demonstrated the feasibility of operation at the temperature below 4 K
using a Stirling cycle cryocooler with the hot end temperature of near 14 K [4]. In our previous
work, a Gifford-Mctlahon cycle coeler anchering at 10 K also achieved 4.8 K (5] These resuits
1naica:e tha choice of a crycgenic cycle and the optimized design of regenerators are important in
order to achieve the temperature below 8 K. In this paper, we describe the experimental results
of two different types of YM cryocooler, » -

2. Three Stage Vuilleumier Cryocooler

“We have built the three stage Vuilleumier cryocooler as a test apparatus. To decrease the
mechanical complexity we used ligquid nitrogen as a heat rejection stage. A schematic of the VM
cooler is shown in figure 1. The expansion and the compression displacers have been ¢~fver in
sinusoidal motion using a stepping motor with an adjustable eccentric shaft cam, The annular gap
between the stainless steel cylinder and the cotton reinforced phenolic displacer was used as a
regenerstor in each stage. The hot and the three cold displacers were €5, 30, 20, and 10 mm in
diameter and about 20 cm in Tength. The compression part and the expansion part have been
operated, respectively, with 15 wm and 20 wm stroke. In the final stage of this cooler, the
temperature swing was 7.7 to 8.8 K when the first stage was 33 K and the second was 13 K under the
following operating conditions: phase angle of 40 degrees, average pressure of 0,54 {MPa, and the
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' frequency of 70 rpm. Figure 2 shows the cooling capacities at the cold end of this cooler. We
have not controlled the quantity of liquid nitrogen flow in its minimum condition, but total LN2
consumption, including external losses, was 0.5 liter per hour at most.

In order to obtain a lower temperature whi‘é reducing the losses in the regenerator, the
pressure was decreased. The resulting operation of the cryocooler was not as effective as befare,
When the phase angle was less than 40 degrees, the temperature difference between the seccnd and
final stages increased, despite increasing the temperature of the final stage. We thcorized that
the changes required an increase in the P-V quantity. . To accomplish this it is possible to
increase the working mass of the helium gas. However, the losses from the regenerator would
simultaneously increase. Another important factor is the second stage temperature. The second
stage expansion volume could be increased to optimize the operation when the working pressure is
reduced. The cryccooler could be made to produce the same cooling power without increasing the
frequency. Consideration of the thermal strain of the thin walled cylinder and the plastic piston
during the cool down period chows it is desirable to make the regenerztor short. The temperature
difference between the warm and the cold end of such a short regenerator must be small in order to
reduce the lesses in the final stage. .

3. The Composite VM Cryococler

The investigation of the coldest section of the composite VM cryocooler is presented here.
Figure 3 shows the schematic diagram. This cooler is made of the two stage pre-cooler and the
single stage test cooler. These two coolers have the same driving mechanism in which a variable
speed stepping motor and two scotch yokes are used. The working space is separated from
atmospheric ambience by two small O-ring seals. The physical dimensions are described in Table I.

Table 1. Physical Dimensions of Two VM Coolers

Pre-cooler Test Cooler
Ist Stage 2nd Stage .
Compressicn Expansion Expansion Compression Expansion
Cylinder 0.D. 48 20 14 48 12
Displscer 0.D. 46.8 18.8 12.8 46.8 11.4 *
Displacer L. 136 180 180 136 235 *

A1l values in millimeters )
* . Below pre-cooler 2nd stage (test section)

The test cooler was pre-cooled through a 4 cm width copper band. The radiasl clearance of the
displacer sections were about 0.1 mm, ~ A cotton reinforced phenclic resin rod was used for the
displacer. Lead tape 1 mm in width and 0.2 mm thick wes wound spirally around the pre-cooler
second stage. We used GdRh powder (45 vol. %) with epexy resin as a regenerative material for the
test cooler final stage. The displacer was coated with its material in the thickness of about 0.2
mem, ) - '

‘The pre-cooler was operated without the load nf the test cooler. Figure &4 shows its
performance under the conditions of 62 degrees in phase angle, 48 rpm and a minimum pressure of
0.25 MPa. The ultimate temperature was 13.4 K. We also obtained about 14 K with the phase angle
at about 50 degrees and 65 rpm. Fiqure 5 shows the test cooler gerformance with pre-cooler. The
minimum pressure of the test cooler was 0.65 MPa and the phase angle was increased by increasing
* the operating spced until the temperature reached approximately 7 K. This figure shows that the
temperature difference of test section is about 11 K under these optimized conditions. It is
required to decrease thc temperature of pre-cooler 2nd stage in order to obtain the temperature of .
below 5 K,  Table Il shows the operating conditions and the results, The temperature swing of tha
final stage of the test cooler was 5.4 K te 6.5 K without the external heat load. The second
stage temperature of the pre-cooler was about 16.1 K with the phase angle of 50 degrees and the
minimum pressure of 0.4 MPa. In any other conditions, the temperature of below 16 K was not
obtained.
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Table I1. Test Results of the Composite WM Ccoler

1. Pre-cooler
Phase angle: 50 degrees
Pressure swing: 0.4 MPa 1o 0.56 MPa
Cperating speed: 60 rpu
Stroke of the compression displacer: 18 mm
Stroke of the expansion displacer: 10 mm
Temperature of the compression part at cold stage: 81 K
Temperature of the expansion part at 1st stage: 34.4 K
Temperature of the expansion part at 2nd stage: 16:1 K

11. Test Cooler
Phase angle: 53 degrees
Pressure swing: 0.155 MPa to 0.34 MPa
Operating speed: 39 rpm
Stroke of the compression displacer: 18 mm
Stroke of the expansion displacer: 5 mm
Temperature of the expansion part at cold stage: 81.4 K
Temperature of the expansion part at point 1: 41.2 K i
Temperature of the expansion part at point 2: 16.1 K ™
Temperature of the expansion part at cold end: 5.4 to 6.5 K

In order to determine the cooling power which the cooler was producing, we measured
simultaneously the warm end pressure and the movement of the displacer with the time axis using a
pressure transducer and a Tinear displacement converter. The P-V dizarams are shown in figures 6
and 7. The pre-cooler produced the cooling power of about 250 e at the second stage. The test
cooler produced the cooling power of about 27 nlW at the final stage. The effect of the backlash
of a scotch yoke appeared at the top and the bottom end in the figures. We estimate that most -ef
the cooling power produced by the pre-cooler was consumed by the regenerator loss. The amount of
heat rejection from the test cocler is estimated to be Tess than 50 m¥, .

4, Conclusion
He obtained the ultimate temperature of 5.4 K and about 10 mW at 7 K by using the composite
VM cryocooter when the temperature of the pre-cooler was about 16 K. However, there remain many .
problems to be solved such as the regenerator loss analysis including the effect of dead volume
and a specific heat of the regenerative materials, phase angle optimization, and the effect of the
non-ideality of the helium properties.

The authors would like to thank Professor K, Sekizawa for providing the GdRh powder. Part of
this-work has been supported by the Science and Technology Agency. -
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4K REFRIGERATORS HITH A NEW CONPACT KEAT ENCHAMLER

R. €. Longsworth
H. A. Steyert

Afr Products and Chemicals
Allentown, PA 18105

ABSTRACT

Two refrigerators have been developed which bsva nczinal capacities of 0.25Y and
0.54 at 4.2K. These use standard txo stage Displex® expanders and cogpressors
cezbined with a new compact heat exchangar vhich is concentric with the expander
cylinder. RPN .

These refrigerators can be used $0 co0l supercomaucting electyonic devices by
direct attachozst ©0 the 4K heat station, or they can be plugoed into the seck of ¢
Tiouid helium superconducting magnet cryostat where they can con? the radiation
chields ond religuefy heliunm. : )

Key Hords: Compact hzat exchanger; cryogenic refrigerator; helium recondenser;
supercopducting electronics;: supercenducting magnet

1. Introducticn

The use of superconducting magnets for Magnetic Resonznce Imaging (MRI)
represents the first mjor commercial application of supercorndiuctivity. The pagnets
presently in use utilize ligquid cryogens, helium end nitregen; however, a nuzder of
options for cooling wagnets using s@all refrigerators or liquefiers have been studied
(1]. The approach €0 cosling a superconducting magnet which is the size of an BRI
wrgnet that appsars most premising €0 the authors §s €0 have a multistage refrigerator
eounted fntegraliy into tae magnet cryostat. This refrigerator will fit {nto the nack
of the cryostat, codl cuz or two radiation shields, and recondense the haliun. This
approach has the advantage that heat 1s removed from the systen very clese to the
point thers it enters the system, thus avoiding additicnal thermal losses asseciated
with transferring refrigeration frem a remste |{quefier and mininizing tesperatuyre
drops between tha cryostat and refrigerator. The Japanese Hational Railway fm
evaluating refrigerators for their magnetically levitated train progran recently
conclugad that euitipie Stirling plus &-T cycle coolers are less efficient than one
central Clande cyclie refrigerator, but the losses in thz crvogenic transfer system add
so zuch o the refrigeration requivement of the Claudz cycle systen that §¢ consumes
more power than miitipie Stirling plus J-T coolers. They have thus decided to use
fndfvidual Stirling plus J-T cycle refrigerators mounted §a each magret cyrostat L[2].
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The rost widely used small 4K refrigerators today comsist of a two-stege
6f fford Hetishen type expander with a J-T exchangar [3,4]. These units utilize
rather long and bulky finnad tube or corrugated tube heat exchangers for the J-T loop,
aeking thes difficult to fnstal) fn the neck of a helium crvostet. These systems
would also have thermal losses due to convective heat transfer between the heat
exchangers, the expander, and the neck tube.

Recognizing the potentie) need for a hicat exchanger witfch uould fit compactly in
the annular space around a two-stagce G4 type expandor cylinder end which would match
the tasperature gradient in the cylinder, 8 progres was faftiated ¢o study heat
exchanger designs that would be suitsbie for this application. This led to an
exparimantal program ¢o tost the newly designed heat exchangers by utflizing them in a
nozinal 0.25 ¥ and a 0.5 ¥ 4K refrigerator. The experfcental progrem also included
studies of heat station design, intersction of the refrigerator with magnetic fields,
servicing the refrigerator and control of contamimants. This peper describes the
results of this work. )

2. Desfign Description

The t=o units which have been built and tested ere dasignated as & CS302 and 2
€S304 with nominal capacities at 4% of 0.25 W and 0.5 H, respectively; thsy consist
. of standard Displex® refrigerators having 20K capecities of 24 and 6 U, -
- respectively. A J-T heat exchanger and a second slightly modified standerd compressor
for the J-T return {low ere added to provide the &X refrigeration.

" After studying many heet exchanger designs and experimenting with differest
fabricaticn tecuniques, we elected %o utilize a heat exchanger dosign which consists
of multiple high and oy pressure tudbes in a close contect, coited conficuratien. The
heat exchenger is continuous from &X to 300K and is coiled around the expanded :
cylinder in suzh a way that the temperature in the hsat exchanger matches the
temperature in the gdjacent cylinder. It is thermally bonded to the cylinder at the
two heat stations. Adsorbers are instailed at the fnlet to the heat exchanger and
Just upsiream of the J-T orifice.

Figure 1 shows the essential festures of the 0.5 W expander which {s cesigned to
fit into the nock of @ helfum cryostat. A plug at the 20X haat statisn is designed o
fit snugly in%o a mating receptacle in the nack tude to cool a radistion shield., For
cryostazs which use Mauid nitrogen o cool @ shield at 77K, & heat staticam on the
first stage of the refrigerator i3 umnscessary. The 4K heat station consists of a
finned tube which serves t9. recondense helium beil-off. v .

The 0.25 ¥ unit which we built is designed to be operated in a vacuum., It has a
wars heat station to which a radlation shield caon be attached and a &K '
heat station for conductively cooling a device and/or instrucentation. This unit has
a very zmall oneumaticaliy actuated J-T valve whick periits high J-T flew rates to be
nafntatned during cooldown and adjustmant of the operating temperature with naxisam
capacity when cold. : :

The adjustadble J-T valve {s convenfent for a research worker who can set it
ganualily but s di€ficult to autemate. A fixed J-T orifice is used in the 0.5 unit.
The flow rate 15 cuite Tow when the helfia 1s warm so cool-down of the 4K heat station
{s prolongod when the unit is rur in @ vacsum. This does not matter vhen the unit is
plugsed into a crycstat with helium in it bacause scme venting helfum cools it
guicikly. Temperature {s set by means of a pressure regulator which contrels d-T
return pressure. Flow through the fixed orifice 1s constant so for any pressure above
the minimum design pressure, the regulator bypasses the excess flow in the low
pressure ccapressor,
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The CS304 unit shown in Figure 1 incorporates several features that facilitate
installing end removing it from the neck of a helium cryostat. Guide sleeves are
mounted on the valve motor housing which slide over rods that keep the refrigerator
centered as it is raised or lowered. A radial "0” ring sed} on a short skirt at the
warm end allows for axial contraction while maintaining good thermal contact at the
20K heat station. The warm end skirt is also used to tie on an elastomer sleeve which
prevent; atr from getting 1nto the neck tube when the refrigerator is removed to be
service :

3. Experimental Program
3.1 Refrigeration Capacity

Both size expanders were built with pressure taps just upstream of the orifice in .
order to monitor contaminant freeze out in the heat exchanger, and temperature sensors
on each stage of the refrigerator. Heaters were added as required for specific :
tests. The capacity of each refrigerator was measured by mounting it ir a vacuum pot
and wrapping it with sfx to ten layers of aluminized mylar.

Figure 2 shous the relationship between temperature and heat load applied to the
4K heat station for different settings of the J-T vailve in the CS302. This test was
run with no heat loads applied to the upper two stuaqes; however, the second stage can
carry about 0.5Y% and the first stage, ebout 5H without seriously reducing the

_refrigeration avaiiable at the third {4K) stage. Radiatfon and instrument lead
conduction are estimated to impose an additional 100nM heat load on the third stage.
A radiaticn shield attached to the first stage would thus make more refrigerat101
available at &K,

Temperature at the 4K heat station is set primarily by the pressure at which the
helfum leaving the J-T valve is evaporating. Closing the J-T valve reduces the helium
flow rate and the compressor return pressure dreps. The slight increase in
temperature with ioad is due to an increase in heat transfer between the surface
of the heat station and the evaporating ligquid as the heat load s increased. AL
sufficiently high heatioads al} of the liquid produced is evaporated ard ths gas
stream itself is hezted. A J-T unit has the characteristic that the refrigoration
produced drops rapidly when the maximum capacity is exceeded because the fiow rate
drops as the temperature of the gas flowing through the J-T valve increases.

Figure 3 shows the interrelationship between the refrigeration avaiiable at. the
three heat stations for the CS304 unit. This data was obtained by setting heat loads
on the first and second stages and increasing the heat load ¢n the third stzge until
the unit warmed up. An example of how fo interpret Figure 3 is that a load of 15K on
the first stage, 3 watts on the second stage and frem U to 0.5 H on the third stage
results in temperatures of 80K and 16X on the first and second stages respectively.
The third stage capacity is available over &8 temperature range of about 3.9 to 4.5K
depanding on the setting of the pressure regulator,

3.2 Heat Exchanger Performance

Heat exchanger efficiency was measured by adding differential thermocouples (iron
doped gold vs. chromel) to the warm ends of each section of the heat exchanger.
Figure 4 plots the data in dimensionless heat transfer and pumping energy after Kays
ard London Fig., 24 [5]. It is seen that the heat exchanger has higher heat transfer
efficiency for a given pumping energy than typical piate fin heat exchangers.
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3.3 Magnetic Effects

Studies were made of the effect of operating in mzgnetic fieids in terms.of the
effect of the fields on the refrigerator expander and the effect of the expander on
the homogeneity of the field, It was found that the valve motor can only operate
satisfactorily in fields of 0.087 and that the IKg of iron in the valve motor
contributes the only significant amount of inhomogenity to the field [6l.

3.4 Test Cryostat

A double-walled cryosiat was built for the CS304 which simuiates the neck tube of
a large liquid helium cryostat and has room to ascumulate L of liquid. It has an
8%mm (3.5") bore and a second stage réceptacle to mate with the tapered plug on the
second stage of the refrigerator. It has no first stage heat station. This cryostat
was used to measure heat transfer characteristics of the second stage thermal
coupling, temperature stability, serviceability and long-term operation.

3.5 Cool Down

Figure 5 shows the ccol down data collected and plotted on an HP3497/HP67 data
acquisition/computer system for the CS304 in the double-walled cryostat, The :
temperature scale is folded at 30K so the second and third stage temperatures show
scale changes at 30K, The first and second stages cool down relatively fast, but the
third stage takes a long time because of the thsrmal mass of the test pot, the cooling
of the 1L volume of helium (which s maintained at 1.1 atm pressure), and the Tow flow
rete of heliwm in the J-T loop during most of the cool down. When operating in g
:acgux with no applied heat loads or extra mass attached both refrigerators reach 4.2K

n ours.,

3.6 Temperaturé Stability

Despite the lack of a precooling heat exchangers on the CS304 first and second
stages the unit condenses 1L of helium overnight. After accumulating tiquid in the
" pot, the feed valve s closed and pressure in the cryostat monitored. GOver a period
of a week the cryostat pressure is typically maintained in the pressure range of 700
to 720 Torr. Host of the variation is due to changes in barometric pressure which {is
normally 760 Torr. o . : .

3.7 Thermal Coupling

Studies of the heat transfer characteristics of the thermal coupling showed that
heat is transferred primarily by gas conduction in the gap and metal-to~metal contact
contributes only a small amount, The weight of the refrigerator is sufficient to
maintain good contact. A temperature of 1.]K was measured for a-heat load of 34 at 16K.

3.8 Serviceability

The refrigerator is designed to be easily serviced. During the testiny phases,
the refrigerator was removed from the cryostat and reinstalled a number of times to
demonstirate that this procedure could be accomplished with no undo problems {such as
air incluston, ice, etc.), as well as to estabiish service instruction data. On one
occasion, for exemple, the refrigerator was removed using the flexible sleeve to
preclude air in-leakage, and warmed to room temperature, a different size J-T orifice
. was installed, the J-T heat exchanger was purged, and reinstalled in the cryostat in
45 minutes. The unit cooled back to 20X before the last of the 1L liguid helium
evaporatad.
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3.9 Reliability

In order to assure long-term relfability, a considerable effort was expended to
determine the most efficient means to clean up the system-initially and keep 1t clean,
in order to avoid accumuiating contaminants in the gas stream wihich could have the
potential to block the J-T heat exchanger. After inftial experimentation, the last -
9,000 hours of cumulative operation on several CS304 units, most of 1t at
subatmospheric pressure, have resulted in no fndications of contaminant freeze out in
these systems.

4, Summary

Compact 4K refrigerators have been developed and tested, primarily to be utilized
in superconducting magnet and electronic applications. A simple compact J-T heat -

- exchanger, has been developed which can be mounted on a two-stage G-M type
refrigerator, providing a small, efficient, three-stage machine, Extensive testing
has been completed on initial prototype and preproduction machines, which has included
in-house performance and iife testing. Field testing has fncluded the successful’

. cooling of the cold radiation shield and recondensing the helium in an MRl magnet and

cooling of a small superconducting electronic device.
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THE CESIGN OF A SHALL LIMEAR-RESUNANT, SPLIT
STIRLING CRYQGENIC REFRIGERATOR COMPRESSOR

R.A. Ackermann

MECHANICAL TECHNOLOGY INCORPORATED
968 Albany-Shaker Recad
Latham, New York 12110

For tihe past two years, Mechanical Technology Incorporated (MTI) has been
. engaged in the development of & swmall linear-resonant compressor for use - in a
1/4-watt, 78K, split Stirling cryogenic refrigerator. The compressor contains .
the following special features: 1) a permanent-magnet linear motor; 2) resonant
dynamics; 3) dynamic ba‘ancing; and, 4) a close-clearance seal between the com-
pressor piston and cylinder. This paper describes the design of the compressor,
‘and presents component test data and system test data for the compressor dr1v1ng
a 1/4-watt expander,

Key words: close-clearance seal; compressof; cryosgenic refrigerater; dynamic
balancing; linear-resonant compressor; permanent-megnet linmear motor; resonant
dynamics; split Stirling; 1/4-watt expander

1. INTRODUCTION

The objective for this program was to design, fabricate, and test a linear compressor that could
be used in the military's 1/4-watt split Stirling cooler. The compressor was designed te demonstrate
that it could ultimately meet the existing specifications for size, weight, ard input powar when
driving an cxisting expander. The important requirements designed for in the compressor are: :

1) h’gh reliability, and MTBF's greater than 3000 hou.s.
2) the elimination of all lubricants;

- 3) low mechanical vibration; and,
4) the elimination of contacting seals,

Items 1 and 2 were achieved by using a linear drive system that eliminated mechanical Tinkages
and the nzed for lubricants.:. Item 3 was achieved by incorporating into the compressor a balancing
technique previously developed and patented by MTI, and Item 4 was achieved by using a close-clear-
ance piston/cylinder seal.

2., COMPRESSOR DESCRIPTION

The prototype Yinear cooler developed is shown in Figure 1, and the design of the compressor is
shown in Figure 2. Beginning at the left end, the compressor consists of the p1ston/cy1~nder, with
the piston connected to the motor piunger through a flexible rod. The plunger, which is made up of
radially erergized Sm Cog permanent magnets and a back iron, is supported on either end by teflon
bearing pads that pos1tion the plunger inside the motor stator. The stator contains the electric
coils and the end caps rigidly fastened to the siator on either end form the compression cylinder and
bearing assemblies described abcve. On the right end of the compressor is the counterbalance weight,
which is connected to the plunger through a mechanical spring and attached to the outer case, along
with the stator, through a flexible support configuration. Mechanical springs betwzen the plunger
and end caps provide the resonant characteristics. The outer pressure case, gas transfer tube, and
displacement sensor located in the center of {he plunger complete the design.
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The specifications for the compressor were:

Freguency 22 Hz
Hean Pressure 600 psia
Pressure Differential 400 psia®
input Power >30 watis
KHeight >2.5 1b

In the design, it turned out that the critical design trade-off parameters were:

* bore-to-stroke ratio;

* resonant frecguencys

» mecharnical spring design;

* weight ot the motor plunger; and,
* pressure differential.

The bore-to-stroke ratio was f{mpsortant 1in establishing the stze of the sotor, the
cozpression-space spring component, the stress in the mechanical springs, and the piston leckage and
frictional losses. A trade-off analysis of these parazeters with the bore-to-stroke ratio showed
(Figure 3} that an upper limit on strce2 of 0.6 inch was set by the stress in the mechanical springs,
‘and a Tower limit of 0.3 inch uas set by the outside diemeter of the motor amd the amount of gas
spring developed in the cozpression space. The mechanical springs were linited to a stress of 60,030
pst, the gas spring was limited by a maxizus plunger weight of 0.5 1b, and the cotor size was Timited
by the maxirum diameter specification of 1.750 inch. As for the bore-to-stroke retio, the other four
items also relate to the dynamic operation of the compresscr. For this desien.. the operating fre-
quency of the cospressor was specified as 22 Hz. Achieving resonant operaticn in a high-pressuve
differential, low-stroke cozpressor at this low frequency is difficult because of thz large spring
compensat derived from the compression space. falancing this spring with the ireriva coomponent of
the toving assemdly requived a lavge plunger weight. To minimize this weight, & maxiau stroke of
0.6 inch was selected. :
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The final design criteria for the comprassor were:

Frequency - 2

2 Hz
Swept Voluze -~ 0.82 ol
Strake - 15.29 rm
Bore - 7.9 =
Hotor Diameter - 44.45 m
Plunger UWeight - 0.25 kg

-2.1. Hotor Characteristics

. The lincar motor used s one of a family of permanent-magnet {Sa Cog) linear motors develeped at -
HTI. Figure 4 schematically shows a section of the motor with the plunger in the center position.
The motor consists of stationary outer electrical coils wound on a steel bobbin, and an inner parsan-
ent-magret plunger. The wagnets are radially magnetized, with alternate magnets having north polar-

ity on the outside diazeter and south polarity on tha inside diameter. The design characteristics
for the motor are: -

Freguency 22 Hz
Stroke . 15 mm
Static Ferce. 35.6 nt @ 2.0 amp 0.C.
Electrical Input Power <30.0 watts
Yoltage 17.5 Y.A.C.
Hedght < 1.0 Kg
Stator Bobbin

lSm €O, f Piunger
bagnals

Figure & Permanent-Magnet Motror

2.2._ V'ibraticn Isolation

Vibration isolation is echicved by enploying a counterweight system with the isclation charac-
teristics described in Figure 5. For this {solaticn technique, the counterweight is attached to the
stator through a mechanical spring, and both the stator and counterweight are supported frca the
housing by mechanical springs. Through the proper design of this spring mass systew, the coualer-
weight (M) is tuned so that the tronsaitted force to the case through the two springs (K3 and Kg)
may be designed to cancel one another, producing zevo transmissibility. The advantages of this sys-
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tem are that the counterweight mass and azplitude are kept scall, and good force fsolation can be ob--
tainmd over a broad operating range of frequencies (w) egual to or ne2ar w,. The characteristics of
the isolatfon system are: ‘

Kl = 363 nt/m
K2 = 820 nt/m
K3 = 491 nt/m
Wy, = 0.09 kg
4, = 18 Hz
W, = 22 Hz

Type of lsclslon: Dynamic Two-Dsgico-oi-Freadom
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--Vibration Isolation Technigue—

2.3. Test Results

Testing of the cozpressor was perforiced using both 2 1/4-watt split Stirling conler expander anrd
a stmilated test volume that matches the expander and transfer tube voiumes at the design operating
point of 80°K, Tests conducted con the cozpressor shoved that the corpressor performed better at 30
Hz than at 22 Hz. Rather than chanze the plunger @ass to reduce the cperating resensni frequency, it
was felt that at this point in the development, testing at the highor frequency should centinve, and
the inefficiences from the aismatch between the compressor and expander should bz accepted.

burfing the initial checkout tests of the compressor, it tosk significantly wore than ) vatts to
develop the required prassure differential of 400 psi. The problem was diagnosed as too targes &
clearance between the compressor piston and cylinder. By inspecting the hardware, it was found that
instead of a radial clearance of .0002 to .0004 fnch, the actual clearance was .COC6 inch, After ve-
furbishing this hardware and achieving a .0003-inch radial clearance, the machine performed much
better. The pressure difference gensrated by the machine §s given in Figure 6. AS shown, at the de-
sign specification of &00-psi pressure difference, the input power vas less than 30 watts.

The cooling capacity of the compressor driving the 1/4-watt expander (shewn in Figure 1) §s gliven
in Figure 7. The resuits of these tests showed that the lowest temperature achieved was 35°K: at
77°K, the machine produced 0.35 watts of refrigeration for an irput power of 34.5 watts. The
cool-down time to 80°K was four minutes. ' .
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Figure 7 1/4-Watt Cryocooler Cooling Capacity
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Another intaeresting test result was that the number of electrical coils in the stator could be
reduced without affecting compressor performance. In the fabrication of this machine, the five
cofls were wound individually, and separate power leads were brought out of the machine, enabling the
coils to be disconnacted and the effect studied. The result (shown in Figure 8) was that the two
auter cofls could be eliminated without a reduction in the pressure differential (the right-hand or-
dinate), or an increase in input power (the left-hand ordinate). The implicatfon of this is that the
- motor length can be reduced by two cofl segments (1.44 inches), and the overall length of the cc'a—
pressor can be reduced from 7.00 inches (Figure 1) to less than 5.5 inches. .

3. CONCLUSION

The concept of using a linear drive for the mﬂitary 1/4-watt split Stirling cooler cc:mressor is
practical, as demonstrated bty the program; in particular, the program showed the following:

1. It {s difficult to design for a low frequency of 22 Hz and a large pressure difference because of
the large spring force produced by the compression space and the large moving weight requ‘!red to
balance the spring component. Increasmg the frequency will eliminate this problem. -

2. A linear compressor can ba developed for the 1/4-watt split Stirling cooler that will meet an of
the present cooler specifications,

3. Effective vibration {solation can be incorporated and still meet the design specified envelape. '
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Figure 8 Bffect of Eliminating Coils
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JOULE-THOMSON VALVES FOR LONG TERM SERVICE
IN SPACE CRYOCOOLERS

James M. Lester and Becky Benedict

Cryogenics, Space Systems
Ball Aeroapace Systems Division’
Boulder, CO 80306

Joule-Thomson valves for small cryocoolers have throttling passages on the
orcder of 0.1 millimeter in diameter, Consequently, they can become plugged easily
and stop the c¢peration of the cooler. Plugging can be caused by solid particles,
liquids or gases, Plugging is usually caused by the freezing of contaminant gases
from the process stream. In small open loop coolers and in closed loop coolers
vhere periodic maintenance is allowed, the problem is overcome by using careful
assembly techniques, pure process gases, warm filters and cold adserbders. A more
thorough approach is required for closed loop coryocoolers vwhlich must operate
unattended for long periods. This paper presents the results of an effort to
solve this problem. The causes of plugging are examined, and varfous ways to
eliminate plugging are discussed. Finally, the development of a *J-T defroster"®
1s explained. We conclude that a combination of preventive measures and a
defroster will reduce the chance of cooler failure by plugging to such a degree
that J-T coolers can be used for long tera ospace missions.

Key words: J-T cryocooler, J-T defroster, J-T valve, long life mechanical
refrigerator, agace cryccooler

e

1. Introduction:.

Typical space cooling applications now being considered are for instruments cesting upwards of
one hundred million dollars. The required operating lifetime of these inzgruments is § to i0 years
uithout paintenance. One watt of cooling at less than 10K is a typical goal. There is a decire to
start these missions {n less than 5 years; but, to develop a reasonable chance that such misgions- can
be accompiisnzsd, a great deal of guccessful cooler testing wust be done. Ideally, we would like to
have many of the coolers operating for 1longer than ten years before risking huge sums of mcney on
entire insirument systems. Temperatures less than 10X for sufficlently high cooling pover have not
even been demonstrated for space cooler configurations, much less in any statistically significant
way. Realistically, 'we will not have the luxury of completing statistlcally significant life testing
before a large risk is taken.

In view of this situation, a good design approach i3 to use the hardware concepts which best
avold the nesd for extensive life testing and will still do the job. In cryccoolers, machinaes which
do the best job of avoiding the uncertainties of wear, fatigue, critical materials and contamination
are favorahle at this time. The passive Joule~Thomson (J-T) cold section does this very well except
for the plugging problem due to contamination. Test time limitations make it difficult to guarantee
that a J-T cooler will not freeze up 1in 10 years even {f traditional purification techniques sre
applied to the {dallest extent possible. This 1leaves us with an unacceptable risk which must be
overcome by gsome other means.

Fortunately, we can employ a strong countermeasure -~ pamely a defroster, to clcan out the J-T
valve., Hany short duraticon te3ts can then be run under severe contaminating conditions in an atteaudt
to show that this cleaning prccess will always renew the cooler, Then, in flight, under less severe
contaminating conditions, the cooler can be “defrosted" on a preset schedule more frequently than the
statistically proven safe operating interval, Confidence in the cooler will then Le developed on a
cycle baslis rather than on a total time basisz, thus allowing greatly accelerated testing.

He concluded that the plugging problem should be solved prior to refining other ccaponents in
the J~T system becatge 1t is the key to determining 1f J-T's are usable for long term missions, Ve
are currently developing a J-T valve and defroster with encouraging initizal results. This paper de-
scribes that work.
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2. The plugging problem in J-T coolers
" This paper 1s primarily concerned with small cryccoolers for use in space instruments. Table 1

gives epproximate design values which relate to the plugging problem for a 1 watt Helium J-T stage
operating between i6 and 1.6 atmospheres, :

Table 1 - Approximate cooler characteristics (Example)

. Heliun Flow rate 1 Standard %/sec

. Helfum Quantity Required 2
to charpge the stage 10~ Standard 2
. Cryccooler area which out- 103 em2
gassea into the Helium
. Volume of a plug in the 10_6’cm’3
J-T valve (Assumes 0.1
maDia~by0. lam long plug)
. Volume of 2 plug in the small 10" Yen3
heal exchanger tubing upstream
of the J-~T valve (Asaumes
2moDia-by20mm long plug)’
. Operating time - 10 years-approx. 105 hours

The gecmatry of the J-T valve is assumed to be a short small hole, and this sets the size of its
plug. The upstread high pressure side of the heat exchanger is characterized by a single line of
sapll dismeter tubing. Plugging by freszing of the mixture of contaminants will be spread over a
considerable distance in this cube as dlctated by the flow, temperature gradients and {reezing points
of the various conteainants in the mixture. He suspect that the assumption of a ten diameter
freazing zone 19 a3 low estimate; but, the point to be considered is that the vclume of contaminant
required to fors & plug 18 several orders of magnitude greater in the heat exchanger than in the
valve ftself. The downstream, low pressure side of the heat exchanger is much larger as dictated by
the raquircment for low presswre drop in tha cospressor _retwrn, so there is ruch less concern about
plugging there. ] ‘

) 2.1 Sources of contamination

Potentizl contaminants are gases, liquids or solid particlea. Particles are dirt or chips left
in the cooler dwring construction and dust from adsorters. Liquids are things like free water or
‘oils, the latter possibly fros an ofl lubricatéd compressor. There are three sources of gag: outgas-
sing froa the interior surfaces of the entire cooling loop, trace contaminants in the initi{al charga.
of Nelium, and continuous vaporlization of a cocler component. Plastic parts or oil in & compressor
f£all into this last¢ category. The potential for plugging the example cooler of table | was eatimated
by calculating the sizes of thege sources,

2.2 Gaseous contamination

The classical view of metal surface outgassing is given &n {1] . This data shows that the
outgassing of initially “clean and dry" surfaces at room temperature decreases’ from a falrly
consistent value of .

STD om3 STD cm3
-8 pe— ] B — :
10 cmz sec after one hour.ln vacuum ;o 10 cmz Sec after ten hours and continues to decrease

by another order of magnitude fur each additional order of Qagnitude span of time. The outgassing of
a ocooler, at least in the warm arcas, will be roughly the same into a charge of pure Jeliun where the
partial preseuros of the contaminants are very low.
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The outgassing relates to the potential for- plugging in a logarithmic manner. In the firat
logarithmic time interval of outgass;gg. 1-10 hours, the outgassing will accumulate the equivalent of
160 plugs in the J-T valve and 1.6(0 ~) plugs ig the heat exchange tube upstream the J-T valve. The
density of the frozen plug is approximately 10° times greater than standard density of the gaseous
~contaminant. Continuing from the second _Bime 31nterva1, 10-100 hours, to the last, 10000-10C000

hours, the total accumulation is about 8(10 ') cm” of solid, or about 1 milligram. This amount could

produce 800 plugs in the J-T valve. (Note that the amount of outgassing by this theory is the same

for each time interval.. Note also that the heat exchanger is relatively immune to plugging by
" gaseous contaminants. because of its relatively large size.) :

If ultra pure grade Helium is used for the initial charge, the total quantity of contéminants is
about the same as the 10 year outgassing. Typical specifications fog maximum contaminants in ultra
pure Helium and the resultant amounts in the initial charge of 10° standard liters include trace
amounts of C,, N,, Ke, Ar, H,, CO,, and H,0 (greatest contaminant listed firat). The total amount of
s01lid impurities is about (10 ®) cm® or about 1 milligram. This amount could produce 1000 valve
plugs. - . :

Lastly, the system may have components which vaporize continuously throughout the operating .
pertod. Plastgqoparts or compressor oils are in this category. A good o1l will have a vapor
pressure of 10 torr at 300K. The amount of ouil vapor (apart from free oil droplets) circulated
towvard the J-T valve would be that amount which saturates the process gas at the oil vapor pressuwre.
If one standard liter per second of Helium flows in the system and the pressure is 1.6 ggm at the oil
vapor pickup point, the total amount of oil vapor frozen-into solid form would be 3(10 “) CM?. This |
is enough to produce about 30 plugs. :

. A loaded adsorber can act as a continuous source of contamination if left "wet® froam a previous
test, and be a large additional source. In’ sumpary, over 2000 potential J-T valve plugs can be
present in the system due to gaseous contaminants.

2.3 Liquid and solid contamination

Plugging due to free water is possible if the =system has been left open to the atmosphere. Gil
mist (suspended droplets) from compressors may be present in large quantities. Dirt and chips can be
left in the cooler during manufacture. Residue from soldering operating has been known to dislodge
and stop at J-T valves. Most J-T coolers uce adsorbers which consist of charcoal paiticles or mol-
. seive pellets. These adsorbents lose fine dust particles and these are a concern because they are
not easily filtered without creating.the risk of freezing contaminant gases at the filters.

é.u The nature of piusging L.

In spite of the large potential for Dbecomlng plugged, J-T coolers usually work. .Plugging most
often occurs during startup or after a power interruption, when the heat exchangers ara warm and will
not *cold trap" the contaminant gases. If the 1initial cool down period is passed, the cooler will
usually continue to work. The reason {s that the heat exchangers do a very good job of collecting
the ccntaminants befcre: they get to the J-T valve. Then also, the contaminants which do not stick to
the heat exchanger walls are mostly in the form of mifnute ice crystals which are simply blown through
the J-T valves, Sometimes coolers will operate at different cooling capacities on separate cecoldowns
~ an indication of partial plugging. . o

3. Solutions to the plugging problem

Plugging of the J-T valve can be reduced or eliminated by three major techniques: reduction of
contamination sources, the use of certain valve geometries, or by methods which counteract the
contamination within the system when it is operating. While large improvements can be made with the

. first two techniques, the potential for plugging =still exista. Counteractive measures are necessary.
In the final analysis, renewing the valve by defrosting {3 the surest uay to ensure long-term
operation. ’ -

3.1 Reduction of contamination sources

Initial thorough cleaning and vacuum baking 1is necessary to reduce massive quantities of
contaminants. It is not likely that the outgassing rate can be reduced to below
STD cm3
10"12cm2 Sec therefore a aignificant potential for plugging will atill exist in the systeam.
Research grade gases can be used to charge the cooler instead of ultra pure grade, reducing the'
potential for plugging by a factor of 5. Careful control of the charging process is necessary to
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maintain this improvement, All cooler components should bs low vapor pressure materials. Careful
design will ensure that the gas producad by these sources i3 a sg@bl fraction of the total
contamination. As a general guide, materials ui;h vapor pressure above 10 “Torr should be avoided.

Compressors should either be oil free or should have a very low output of free oil droplets in
mist form. The space in and around the J-T valve itsell can be treated as a critical coasponent and
assembled in the strictest clean room conditions. This will virtually eliminate the chance of
plugging by particles in the ccoler If the valve capsule is protected by suitable filters,

3.2 Valve geometries

Most J-T valves are simple, short circular holes. Other geometries are possible, but thare is
little to be gained by these designs and they may be harder to unplug. A long capillary tude could
be used as a J-T expansion device, allowing the flow passage to be larger in diasmeter. The flaw in
this idea ts that total plugging of the valve {s not the only concern. Partial plugging i{n & long
capillary could cause a large change in performance and is not allowable. The ldea of using a porous
plug suffers from the same flaw. In addition, the very fine pores of the plug will be much more
easily plugged by minute ice crystals suspended in the stream. .

One attractive compromise geometry {s to put a wire through a small hole. This arrangement
distributes the orifice into a ring shape which is not sensitive to plugging by a few particlas left
in the cooler during assembly. ’

3.3 Counteractive measures

Stirting from the warm high pressure end of the system, there are a number of things that can be
done to reduce the chance of plugging. In a cooler using oill lubricated compressors, virtually all
of the free droplets must be removed by coalescing filters. Fortunately, these filters can be mada
very long and efficient since they are in the warm areas. Barrier film techniques are also necessary
to prevent creep of ofl films down the heat exchanger tubing. The more critical problem here is to
reduce the mass of free oil to a level 1lower than that required to satwate downstream gas adserbers
and cause freeze up by that mechanism. : S

Adsorbers consisting of beds of charcoal, silica-gel, or molecular sieve materials are the most
effective vay to reduce the flow of contaminants to the J-T valve., Adaorbers in the cold areas just
upstream of the J~T valve are very powerful purifiers, possibly eliminating the plugging problam
completely, but the problem is in the proof. Several tmperfections inherent with adsorbers ray aliow
plugging to occur after a long period of operation. If  the beds are nade too 'tight' then they
themselves may become subject to plugging. Channeling may occur leading to variations in purifi-
cation efficiency from bed to bed. Adsorbers in flow strgams tend to act as chromatograph ocolumns.
That is, concentration fronts gradually migrate to the downstream side and eventually a large relecase
of adsorbed contaminanta will occur. This effect has been observed in helium liquifiers causing
unexpected freeze up after a long period of normal operation.

Particle filters such -as $creens or .porous metals will be needed downstream of adsorbers to trap
> released dust or particles, but care must be taken to allow sufficient area so that frgeze up does

not occur in the filters. Chemical getters which combine with the more active gases are useful &n
reducing those contaminants. . ‘ :

After all of these precautions are taken, it will still be very difficult or impossible to say
that a J-T valve will not be plugged in a long mission. Also, if power is interrupted, the entire
cooler may become filled with gaseous contaminants. These uncertainties require sc¢me sort of valve
cleaner which can remove the contamination, Mechanical devices have bsen used for this purpose, but
they are risky because they may not totally remove the contamination and they may become stuck, The
safest way to clear a J-T valve is to use a defroster., The design of such a device i3 describdsd in
Section 4, .

4, Design of a J-T valve defroster

The J-~T valve was arranged as shown in figure 1. Cold, high pressure gas passes through the
final adsorber where most of the remaining impurities are trapped. The gas enters the thin wall
stainless steel tube whose length is shown as &,, then it passes into the relatively large diamcter
entry section of the copper J-T valve. The wiré passes through the theoat of the valve causing this
restriction to be ring shaped which reduces the chance of a few particles forming a plug, After
expansion at the valve, the gas-liguid wmixture passes through the thin wall stainless steel ocutlet
tube, labeled 12, to the boller and from there to the lov pressure side of the heat exchanger. A
resistance heatgr {s wound around the outer throat of the valve. Figure 2 shows a test model of ths
device. . :
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The purpose of the arrangement s to allow complete defrosting in a short time period with
minimal disturbance to the useful operation of the cooler. The low conductivity stainless steel
tubes act as thermal standoffs between the heated copper J-T valve and the adsorber or boiler. This
confines most of the heat Lo the valve where it is needed. Standoff . is also needed to prevent the
adaorber from warming up to a temperature vwhere contaminants will be réleaaed. The boiler contains a
reserve of liquid which maintains constant temperature cooling for the load during the defrosting
cycle. The purpose of the copper entry section of the valve s to prevent audden replugging of the
valve after the heater is turned -off. This copper part 18 warmed to room temperature in a few
seconds along with the throat of the valve. If the entry secticn were not there, contaminants from
the warm end of the standoff tube £, would be immediately available to collect in the valve. As it
is, the annular gap between the copper and stainless tubes acts as a cold trap for this temporary
source. Further enhancements of this cold trapping scheme are possible but they do not seem to bde
needed. The heater must b2 able to raise . the valve temperature rapidly to minimize the total heat
input to the system and also to the reserve liquid in the boiler. )

The heater must also be able to operate over a broad range of heating conditions depending on
whether the valve is completely plugged or not plugged at all. This means that the heating power
must be several times the steady state cooling power of the cooler bescause the effective short term
cooling power of the stream is high when working against an unpiugged warm J-T valve, When the valve
is plugged, the same heating power will cause- very rapid valve temperature rise because there is nc
cooling flow, and the heater could burn out. A closed loop heater shut down controlled by valve
temperature {s needed to handle this range of conditions, Redundancy of heaters and temperature
sensors can be provided. " ) o )

Standoff dimensjons, boller capacity, and heater size are a function of the application. There
are considerable differences between 4K Helium valve defroaters and 77K Nitrogen valve defrosters
because of the large differences in thermal preoperties of the materials. To get a feel for the num~
bers, a 2-watt Nitrogen cooler requires about 20 watts of heating for 10 seconds resulting in a heat
input of 200 joules. This consumes about 1 gram of liquid Hitrogen from the reserve in the boller if
precise cooling temperature stability is to be maintained at the load. The heat required to vaporize
the plug is negligible and the heat required to warm the copper is only 15 joules. The total heat
leak down the standoff tubes is only about 5 joules, Most of the heat goes into the cold gas stream
at the valve.

When operated at lower power levelsg, the defrost heater 1s also a handy device to control warn
up of the system and to aid in initial bakeout. - Heating by induction has been suggested &3 an
alternate but this method ccoinplicates the power supply for space applicaticns. Seclion 5 desoribes
the tests performed on the device shown in Figure 2,

5. Defroster teating

Preliminary testing on the J-T defroster (Fig. 2} has been completed for an open-loap Hitrogen
Aﬁ-T system. ' The results indicate that defrosting can be done in a short time with minimal
disturbzance to the cooling temperature wusing 1lcw _heater input energy. These tests run on our
preliminary J-T defroster have been beneficial both in confirming our calculations on the defroster
and in defining necessary modifications to the hacduare and test methodology. S

5.1 Apparatus

The test apparatus, shown in Figure 3, uses K-bottle Nitrogen (ultra high purity) as the source
gas. _The outer Jjacket, which houses the coiled tube exchanger and its thermal shroud, is evacuated
to 10 = Torr prior to testing. In the 'cold end' of the assembly, there are thres thermoeouples
located and labeled as follows: T .-potential cooling load (on the downstream mol seive grap), T,~J-T
. defrogter, T.-upstream mol sieve tgap. The contamination loop inlet 12 also located in the cold
section just®upstream of the J-T valve and defroster. A flow meter, temperature acanner, contam-
{natton cylinder (HZO), poWwer sSupply, voltmetsr, ammeter, and pressure controller complete the
apparatus.

Note that the system shown in figure 3 makes provisions for the addition of a useful cooling
load where the downstream mol sieve trap is currently located. The only load that was applied during
_these tests was conductive and radiative heat leak.

5.2 Test methodology

In order to develop a J-T defroster that will bhe able to recover from a variety of worst-case
conditions, two concepts required testing. The defroster heater design was tested Iin order to
determine its effect on the overall cooler thermal stability. After sufficient testing and mapping
of the defroster's operating characteristics using the pure (ultra high purlty) Kitrogen gas source,
additional tests were done with a contaminated Nitrogen source, The pure Hitrogen tests are
digcussed firsc.
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. To as3ure consistency in.the pure HNitrogen tests, two varlables, the operating oressure (high
preasure scurce) and the time interval between the defrosting, were specified. During the current
tests, a source operating pressure of U580 psia provided sufficiently low temperatures at the J-T
valve to test the defroster, while still providing the cooling necessary to recover from the defrost.
The time {nterval between defrosting was always less than 2 hours.

When starting a test run, we used a Nitrogen operating presaure of 2000 psia to expedite the
equipment cool down by producing high pressure (and relatively high temperature) liquid Nitrogen.
Then, over a perlod of one and a half hours, we gradually decreased the cperating pressure until the
system was stabilized 'at 450 psia. Under these conditions the 'cold end' of the apparatus wves
‘usually operating under partially flooded conditions. This was apparent when the temperature
gradient between the three thermocouples (Filg. 3) was 10K or less. When these conditions were met ve
teated the defroster. ’

We powered the defroster heater with a measured voltage while watching the thermocouple attached
to the valve, T,. When the high temperature limit, approximately 20°C, was reached we manually shut
off the power supply and recorded the highest temperature observed on “he J-T valve. Then we
recorded the system reaponse for all thermocouples, flow and vacuum level. Tin~» temperature scanner
recorded the three temperatures continuously for analysis after completion of the vests,

. The contznination loop shown in Figure 3 was used to provide a water saturated Nitrogen source.

The contamination loop was used either to provide 100 percent water saturated or particlly saturated

Nitrogen by using only flow through the contamination aource or - through the exchanger and the

contamination source. When wusing the contaminatien source, the source cylinder was heated to
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approximately 100°C, i{n order to fully saturate the Nitrogen. The water was expected to freeze out
in the J-T valve in a short period of time, as indicated by a reduction in flow rate. Once the flow
slowed enough to indicate that the valve was plugged the J-T defroster testing was carried out in the
same manner as described for the pure Nitrogen source tests.

The results for testing done at 450 psia are shown in figure 4, for four separate defrosting
tests, case I, case II, case III, and case IV. These tests on the apparatus were done consecutively,
during one cool down period. For this reason, we feel ii.22 these are the most representative results
out of all the tests completed to date. The defrost in case I required 7.6 W and the cooler reguired
40 minutes before it had stabilized to the conditions prior to the defrost. In case IV, the defrost
required 15 W and the cooler returned to the conditions prior to defrosting in only 4 minutes. The
heater input power for case I disturbed the thermal stability of the entire cooler ten times longer
than the heater input power in case IV. Note that in case I the total energy input is 718 Wes and it
decreases to 285 Wes in case IV, The trend can be traced from case 1 to case IV (Fig. ).

¥hen the valve is heated, the mass flow {is substantially reduced because of the large change in
fluid conditions there. This effect reduces the pressure downstream of the valve and results in a
lower temperature in the boiler for a short time. This effect would be less noticeable in a cooler
with more open downstream plumbing as would be the case for a more refined cooler. There would still
be a substantial decrease in flow in a more refined cooler and this would tend to minimize the heat
addition due to the defrosting. pulse. ’

The data plotted in figure 5 compare the defroster's requirements in W+s and in equivalent. grams
of L-N2. This plot is particularly useful design information for the valve tested here, but is only
characteristic of this valve. Knowledge of the equivalent grams L-N2 boiled off during defrost cycle
allows for the desien of a L-N2 reservoir with enough capacity to absorb the entire heat input o< the
defrost cycle witnout allowing a change in load temperature.

Defrosting tests run using the contamination loop to simulate a wet Nitrogen source show that
the device 1s effective, but the tests were not entirely conclusive. The loop {Fig. 3) supplies
contaminated Nitrogen directly to the system upstream of the J-T valve, However, the valving on the
current apparatus allows wet Nitrogen to remain in the contamination tube. Con=equently scome
recontamination would occur before we could take adequate flow measurements to prove that the valve
had been totally cleared. ) ; :

5.4 Conclusions

The tests done using pure Nitrogen confirm that the J-T defroster can be operated with little
effect on the thermal stabllity of the cooler. The current testing equipment must bz refined in
order to conduct conclusive testing of the J-~T defrosting action. :

One additional testing problem encountered was the need for Dbetter control on the defroster

power supply. To protect against heater burnout, the power supply must be automated to shut off the

. power beforeg the J-T .valve -temperature exceeds 20°C. An additional thermocouple must be added to the

heater very close tc (1f not toughing) the heater wire in order to more accurately measure the heater
temperature.

o ‘ . 6. Additional work

Further refinements of the defroster scheme will be tested in the remainder of 1984 and in 1985.
"In 1985 we will operate a closed-loop 4K helium J-T cooler employing the defroster and pressurized by
a long-life oil lubricated compressor.

The authors are grateful for the ongoing. expert consultation of Dr. Tom M. Flynn on various
purification concepts and thermodynamic aspects of the J-T cyrocoolers. In addfition, Dr. Thomas R.
Strobridge has greatly added to our understanding of J~T cyrocoolers by drawing on his 20 years
experience with helium liquifiers. ' :
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Federal Information Processing Standards Publications (FIPS PUR)—Publications in this series ‘.‘ollcclively
constitute the Federal Information Processing Siandards 2egister. The Register serves as the official source of
information in the Federal Government regarding standards issued by NBS pursuant 1o the Federal Property
and Administrative Services Act of 1949 as amended, Public Law §9-306 (79 Siat. 1127), and as implemented
by Executive Order 11717 (38 FR 12315, dated May 11, 1973) and Part 6 of Title 15 CFR (Code cf Federal
Regulations).
NES Interagency Reports (NBSIR)}—A special series of interim or final reports on work pcrformod by NBS
for outside sponsors (both government and non-government). In genceral, initial distribution 15 handled by the
sponsor; public distribution is by thc National chhn.caj Information Service, Springfield, VA 22161, in paper
copy or microfiche form.
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